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m\mport presents the state-oi-the-art of marine soil meckanics and foundation
engineering. The study involved an exionsive literature search and persomal
contacts with individusls in Govermment and industry involved ia offshore work.
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FOREWORD

The study covered in this report forms a part of the Coastal Engi-
neering Research Program of the U. S. Army Coastal Engineering Research
Center; that program is a part of the Civil Works nrogram of the U. S.
Army Corps of Engineers.

This study was authorized by letter and IAO CERC-69-T7, both dated
10 June 1969, to the Director, U. S. Army Engineer Watervays Experiment
Station (WES), from the Director, U. S. Army Engineer Coastal Engineer-
ing Research Center (CERC), subject: "Funding Support for Marine Soil
Mechanics Program,” as a par: of the Civil Works research progran of
CERC. Substantial support was also provided in Fiscal Years 1971 and
1972 under ES Sk7, "Sub-Aqueous Soil Mechanics,” by the Office, Chief of
Engineers.

The report was prepared largely by Mr. S. C. Ling under the di-
recticn of Mr. W. E. Strohm, Jr., Chief, Engineering Studies Section,
with substantial revisions by Mr. J. R. Compton, Chief, Ewbankment and
Foundation Branch, Soils and Pavements Laboratory, %“:E3. The section en-
titled "Background” in Part I and the sections entitled "Dredging” and
"Undervater Fills" in Part V consist largely of material extracted from
a paper entitled "Control cf Underwater Construction,” by S. J. Johnson,
J. R. Compton, and S. C. Ling, presented at the ASTM Symposium on Under-
wvater Soil Sampling, Testing, and Construction Control, 27 June-2 July
1971.
Mr. S. J. Johnson, Svecial Assistant, Soils and Pavementis Laboratory.

Guidance in the preparation of this report was furnished by

Part II was reviewed by Mr. A. L. Mathews, Cnief (retired), Inspection
and Exploration Section, Soil and Rock Mechanics Branch, Soils and Pave-

ments Laboratory. General direction was provided by Mr. A. A. Maxwell,
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Acting Chief (deceased), and Mr. J. P. Sale, Chief, Soils and Pavements
Laboratory.

Directors of WES during the conduct of this study and preparation
of this report were COL Levi A. Brown, CE, and COL Ernest D. Peixotto,
CE. Technical Director was Mr. F. R. Brown. Directors of CERC were
LTC Myron D. Snoke, CE, LTC Edward M. Willis, CE, and LTC Don S. McCoy,
CE. Technical Directors were Messrs. J. ¥. Caldwell and T. Saville, Jr.
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMERT

British wmits of measurement used in this report can be converted to

metric or nautical units as follows:

Multiply By To Obtain

ianches 2.5k centimeters
feet 0.30L48 meters
miles (U. S. statute) 1.60934% kilometers
square miles (U. S. statute) 2.589988 square kilometers
square feet 0.092903 square meters
cubic feet 0.0283168 cubic meters
cubic yards 0.764555 cubic meters
pounds 0.45359237 kilograms
tons (2000 1b) 907.185 kilograms
pounds (force) per square 0.689L4757 newtons per square

inch centimeter
pounds (force) per square 47.8803 newtons per square

foot meter
pounds per cubic foot 16.0185 kilograms per cubic

meter
inches per second 2.5% centimeters per
second
feet per seconl 0.3ch8 meters per second
kips (force) 4 448,222 newtons
knots 1.852 kilometers per hour
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SUMMARY

This report presents the state-of-the-art of marine soil mechanics
and foundation engineering. The study involved an extensive literature
search and personal contacts with individuals in Government and industry
involved in offshore work. The fields of subbottom exploration, labora-
tory and in situ testing, soil properties, and marine foundation engi-
neering were examined to delineate existing capabilities and limitations.
The viewpoint taken was that of a soils and foundation engineer attempt-
ing to plan, design, and construct an offshore foundation with the avail-
able knowledge and expsrience. The study was limited to water depths of
600 ft or less. Uncertainties exist in (a) questionable soil property
inputs for design procedures due to sample disturbance and inadequate
knowledge about sea floor characteristics, (b) performance expectations
based on inadequate full-scale foundation performence data, and (c¢) con-
struction technology to place the foundation as designed. Recommenda-
tions are made for research projects to reduce these uncertainties and
to advance the state-of-the-art of marine soil mechanics and foundation
engineering.

xi
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STATE-OF-THE-ART OF MARINE SOIL MECHANICS
AND FOUNDATION ENGINEERING

PART I: INTRODUCTIOH
P ose

1. The purpose of this study was to determine the state-of-the-
art of marine soil mechanics and engineering and, based on the results
of this study, to present recommendations for future research. The
areas investigated included (a) subbottom exploration, (b) testing of
marine soils, (c) marine soil properties, (d) marine fbundatiod.engi-
neering, (e) dredging, and (f) underwater fills. This study made possi-
ble the identification of potential problem areas and recommendations
for research needed to increase knowledge of the continental shelf and

to advance the field of marine soil mechanics and foundation engineering.

Scope

2. The scope of this study involved (a) an extensive literature
search and (b) personal contacts by telephone, letter, and/or visit (see
Appendix A) with other individuals engaged in marine soil mechanics and
engineering. Consideration was limited to water depths less than
600 ft* (100 fathoms), which approximates the internationally recognized
legal depth of the continental shelf and encompasses most underwater
areas of economic interest. This report covers subsoil exploration, in

situ and laboratory testing, structure foundations, dredging, and fills.

Background

3. Underwater construction engineering is rapidly increasing and

¥ A table of factors!for converting British units of measurement to
metric units is presented on page ix.
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becoming highly diversified, as shown in table 1. As a consequence,
there is increased avareness that capabilities of analyzing the special
problems in undervater construction have lagged behind. Requirements
for detpuster facilities have been vastly extended by the development of
superchips, having drafts of 80 to 100 ft, for transporting crude oil
and bulk commodities. The sensational expansion of oil and gas produc-
tion offshore is well known, and future years may well see increasing
utilization of other offshore natural resources. Shallow-water con-
struction in water depths generally less than 100 ft is becoming in- ’
creesily important as complete land utilization of present coastal
areas becomes a reality, and land must be made available for industrial
or urban use or for airfields. A generazlized summary of experience in
urdervater construction of various types is given in table 2.

k. The increasing interest in soil mechanics aspects of marine
coastruction is demonstrated by the recent appearance of papers on the
subject (for example, reference 1) and papers presented at specialty
conferences such as the Conference on Marine Geotechnique at the Univer-
sity of Illinois, Urbana, Illinois, 1-4 May 1966 ;2 the two ASCE confer-
ences on Civil Engineering in the Oceans in September 19673 and December
1969;,; the ASTIK Specialty Conference on Underwater Sampling, Testing,

and Construction Control in June 19'!1;5 and yearly Offshore Technclogy
Conferences at ilouston, Texas.
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PART II: SUBBOTTOM EXPLORATIOH

5. Subbottom exploration may involve sampling and testing of the
materials below the water-soil interface and it may also include geo-
physical techniques of measuring and recording the response of the sub-
bottom derosits to various energy sources. In this section, the major
emphasis is on sampling equipment and methods, with a brief discussion
of geophysical techniques. Testing methods and procedvres are discussed
in Part III.

Sampling

6. Sampling is the exploration technique by which physical sam-
ples of the ocean bottom materials are obtained for examination or test-
ing by engineers and scientists. A thorough discussion of subsurface
exploration and sampling is found in Hvorslev's treatise on the sub-
ject;6 Hvorslev divided subsurface exploration into four phases:

(a) fact finding and geological survey, (b) reconnaissance or general
exploration, (c) detailed exploration--small undisturbed samples, and
(d) special exploration--large undisturbed samples. The quality re-
quired of the soil sample, sampling equipment, and sampling operation
increases in order from phase a to phase d. Hvorslev also listed five
disturbances to which soil samples are subjected: (a) change in stress
conditions, (b) change in water content and void ratio, (c) disturbance
of the soil structure, (d) chemical changes, and (e) mixing or segrega-
tion of soil constituents. The quality of the soil sample will depend
on how effectively the design of the sampler and the sampling procedure
minimize these disturbances. Realizing that disturbance (a) cannot be
totally avoided during the sampling operation and preparation of labora-
tory test spécimens, Hvorslev considers a sample "suitable for all labo-
ratory tests and for practical purposes considered undisturbed" if none
of disturbances (b) through (e) above occurred.

T. In the process of advancing a borehole, the soil abt the bottom

of the hole will tend to expand upward because of the removal of
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overlying material. Inside wall skin friction along the sampling tube
or liner will impede the movement of soil along the outer edge of the
ssaple. The cosbined effect of the penetrating force and inside skin
friction, vhich increases as the sample length increases, eventually
attains a value vhich is greater than the bearing capacity of the soil
below the sampler. After this point is reached, the soil belcv the san-
pler wili be deflected downward, stretched, and reduced in thickness be-
fore it enters the sampier. Eventually, the inside skin friction w1l
hooome so great that it wvill prevent further entry of soil into the sam-
pler. A cone or wvedge is then formed ahead of the ssmpler, and further
penetration will not result in additional sample length. The heaving,
impeding, and defiecting actions all contribute to disturbances (a),
(v), (c), and (e)

8. The use of drilling mud in the borehcle reduces the heaving
tendency of the soil below the bottom of a borenhole. Hvorslev estab-
lished design requirements for long samplers (for use in other than
coarse-grained dense or hard soils) to reduce the skin friction and
other factors chat contribute to sample disturbance. These and more
recently suggested criteria, shown in fig. 1, were intended to achieva
sampler characteristics that would prevent significant disturbance of
the s0il sample. The terms in fig. 1 were taken from references 6, T,
and 8. Compliance with these criteria does not guarantee an undisturbed
soil sample but will reduce disturbance of the sample. A positive in-
side clearance ratio, ci » Within the limits shown, allows-some reduc-
tion of inside skin friction created by lateral expansion of the soil as
it enters the sampling tube and yet provides sufficient inside skin
friction to prevent the soil sample from slumping inside the tube and
possibly falling out of the tube during the sampler's return to the sur-
face. The outside clearance ratio, Co , Within the limits shown, al-
lows sufficient increase in wall thickness of the cutter head over the
wall thickness of the sampling tube to reduce the outside skin friction
and permit deeper penetration and yet does not permit the thickness to
be so great as to impede the cutting atility of the cutting head. The

limits on the area ratio, Ca ,» contrcl the amount of excess soil

v
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entering the sampler due to the dizplacing action ¢of a thick cutting
bhead wvall. The miximmm allowable wilue of the ratic of csafe lengtk to
inside diameter, '.‘s » controls the buildup of inside skin friction snd
essentially stops the simpliag before a dowmward deflection of the s0il
below the ssapler occurs. Tto and Tanska® found in sampling a clagey
silt (Kemto loam) that 2 cutting édge taper, « , of T deg resulted in
the smallest amount of simple disturbante, but s a of 15 deg resulted
in the least amount of force necessary to drive the sampler. They had
varied a froz 5 to 30 deg in their irvestigation. The cutting edge
teper of 7 deg is well within Nworslev's criterion that « should be
less than iC deg. An angle of taper, a , less than 5 deg hus been sug-
pested by others for sangling cobesive finc-grained soils.!” 0 12
Richards and Parker! prefer the single-beveled edge over the double-
beveled edge for sampling cohesive fine—grained sofls.

9. The flow characteristics of the check walve above the san-
pling tube must be sufficiest to prevent overgressures from developing
above the sample, or at the sar of the pistoe if a piston zangpler is
used, since overpressures would impede th2 mowement of =oil into the
sampling tubz. The fixed-piston sampler is the most desirable of cur-
rently used usdisturbed sampling devices. Hvorslev'> has suggested,
though, tkat 3 dowmward movenment of the piston egual to the deflectinn
of the soil strata delow the sampler would be better; this, however,
would require furtter research to ,e!;exn’me tbc anount of the movement
and the means by which piston movasest couid Te controilzé.

10. Sampling eguijmant and procedures have teen ixmproved since
19k9, but the causes of disturbtancas and the design criteria for tube-
type sanplers useg to shtain high-quaiity undisturb2d samples, as estab-
lished by Hvorslev, are s%{il; valid and are glzo applicable to marire
subbottom exploration and sampling. Riehards wnd Parker! 1T g
more detail the application of lHvorslev's work Lo marine~type tube

discuss in

samplers.
11. Both Hopkins®'

marine bottom samplers used from surface vessels.

and Oaa.ratils have published criteria for
These crite:iia are

o v = s it s
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iisted belov L0 present x fruse of reference in considering the various
samplers available:
3. The sampler should have 2 nizimun sumber of oving parts.
b. Farts should be corrociom resistaat.

€. The sampler should be sturdy enough to éndure repeated
kmndling on déck and impacts oa bottom.

d. The bulk sod weight of the sampler should be Fuch that
the ssapler is not overly dmngerouws to handle on déck and
should be witkin the lifting limits of shipboard crases
ad vinches.

e. T sampler should properly orieat itzelf pricr to entry
iuto the bottom.

f. Suftficient weight or power zhould be provided to obtain
desired penetration izto the bottom.

£- There should be little or no disturbance of the zoil dur-
ing the sangler's penetration ard withdrawal.

h. o saxple 1933 should occur during retrieval of the sam-
pler from the bottom £0 the water surface.

i. The sample should be eazily remowed from the sampler.

12. Sampling is accomplished from a wariety of traasportaticn
nodes. Barges or other acapovered rlatforms can be towed to the test
site and anchored in position. Self-propelled wessels with cranes,
winches, and A-frames cipable of lowering and raising test equipnment
over the side or through center wells can Ye used. Submersibles with
smonipulating arms and viewing ports have been used. 2517 Bottom
craulers are envisioned for future sea floor work.

13. Some geophysical survey work is usually dome prior to 2 san-
pling operation in the ccean. In the sinplest form, this would involre
a bathymetric survey utilizing a precision depth recorder (pDR) or a
similar recorder which can provide continuous acoustic reflectizn traces
of the sea bottom. The signatures recorded can be of help in selectinz
the type of sample to be used. For exanple, a continuous flat trace
could imply sediments, variations in streagth of the trace could izply
density variations, a rugged trace could imply rock cutcr:sys with the
possibility of seciments in the valley, etc. Y¥here the presence of rock
is suspected, it would ke prudent to attempt szmpling fizst witk a rock
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cove barrel, or ksnd soil sampler. Wheré the presence of sedimeats is
suspected, 2 pormml scil Samgler can be wved. Im 2 move sophisticated
form, coctiduous reflection surveys say be performed, giving traces of
the signatures not ccly of the vater-bottom iaterface but also of those
of the subbotton soils or rock. Evalmilion of these sigastures is oDten
used in deteminiag the type of subbottom sampling Lo be dome.

1k. Sasplers caa be growged into three mlier categiries: (a) sur-
ficial grab or scoop smmplers, (b) single-eatry drive sample=s, ard (c)
repested-extry drive samplers. Although some smmplers could logically
fall into more tham one categery, they are described under one cstegosy
for convenience of dizcussion. The choice of vhich zamplers to use de-
penids ca (a) the purpose of the investigation and the exploration pisse,
(b) expected bottom chsrscteristics, (c) vater depth, (d) svailsble ship-
boerd equipment, and (e} economics.

Surficial Grab or Seoop Samplers

15. Oceanograghers use small surficial gxrab zanmplers, vhich are
cperated from winches sboard surface wessels, to obtain disturbed =oil
samples down to generally less than 1 ft below the szea flo: -. Two types
of oceanographic grat samglers are descriled in table 3 and showm in
figs. 2 and 3. Sampling to greater deptks has been a>complished by using
standard construction equipment witk large buckets vhen near the skore-
line in water depths up to =100 ft. The grab samplers have a set of
Jaus that are open during the desceat to and penetration in the sea
floor, forced to close on the bottos and thus obtain a bite of the sea
floor by the upsard pull exerted on the cable during retrieval operaz-
tions, and held closed by the tersion on the cable during the ascent of
the sampler to the sea surface. 7The samples obtained with these san-
Plers are disturbed because tke biting action of the jaws will distort
the sample and because washing out of fines is gznerzlly wmavoidable dur-
ing the ascent of the sacpler through the water mass. These samplers are
useful in the fact-finding and geological survay phase of exploration.

16. Scoop or dredge-type samplers are zlsc described in table 3,

ok Wl ittt ttnien:  situsio .
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and two common types are showm ia
fig. . The sampler is construc-
ted of ¢ylindrical or rectasgular
metal frames vith the forvard end
open and the aft end either cov-
ered vitk a gratiag or having a
steel mesh bag attached. These
samplers are dragged aloang the
bottos sad are generally used by
ocesnographers for collecting rock
samples. They have also been used
to sample hard cobesive soils.
The forvard edges of these sam-
plers are sharpened for scraping
and chipping off rock frageents as
they are dragged along the bottom.
The grating or open mesh bag on
the back end of the dredge permits
the passage of vater yet retains
the rock sample. The scoop sam-
pler, like the gradb sampler, is
useful in the fact-finding and.geo-
logical survey phase of exploration.
17. Surficial grab or scoop
(Conwtcsy of LS. Novel Ocosuaguplic Offcs)  samplers are of minimal value in

Fig. 3. Van Veen sampler with modi- soil mechanics and foundztion en-
fied trigger (from reference 21) gineering. However, in the pro-
cess of examining availatle past
records rfor a specific site, the engineer may find that soil ciassifica-
tion and grologic conclusions were based on tests of soil samples ob-
tained with these saxplers. This information must be used cautiously by
the ergineer beciuse the s0il samples are cdisturbed ones and were renoved
from only the upper foot of the sea floor. !lt:;)ltins]'~ and )lolneslg pre-

sent more thorough descriptions of surficial grab or scoop samrlers.
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iy Sebnivine Candugy. 3nd K. by Fapici P. Sheypand
Wlerpor & Benc. 1903 page 28}
a. Pipe éredge b. Frame dredge
.. Fig. b. Pige dredge snd Trine dredge ssweplers (from

reference 18)
Single-gatry Drive w lers

18. Single-entry drive samplers are the tube-type subbcitc® san-
plers vhich either use gravity to achieve penetration into the sea floor
or are propelled intu the sea floor by other means. Of the coreon oceanc-
graphic bottom sampling devices, these are potentially the most useful to
the soils engineer. For this reason, they will be discussed in more de-
tail than the »revious samplers. They may be used for the reconnaissance
phase of exploration. Also, in cases in vhich “oundation loads are small
and the influence of applied loads is not too deep, they nay be used in
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the detailed phase of exploration. These samplers are generally attached
to csbles and are lowered and raised by vinches aboard surface wessels.
Due to the drift of the surface wessel and the continwous random motica
of the vater mass, it is practically impossible for these smmplers to be
returned to their previous locations for reentry into the same hole for
continuous or incremental sampling. The gravity single-eatry drive sam-
pler vill be discussed first, then the propelled single-entry drive sex-
pler. Both werk best in soils that are mot too coarse-grained, not too
dense or hard, and not too loose or soft. I the soil is too cosrse-
grained, dense, or hard, it is difficult to schieve bottom penctration;
if the so0il is too loose or soft, it is difficult to retain the sample.

Gravity S e-Eatry Drive ers

19. Gravity singie-entry crive =amplers consist of interchangezble
sampling tubes and an upper assembly wkich provides support both for the
drive weights and the sampling tubes. By conmon usage, these samplers
are separated into two classifications: (a) gravity corers® and (b) pis-
ton corers.® Both achiewve penetration into the botiom bty gravity, but
the piston corer differs from the hollow-tube grzvity corer in that it
utilizes a piston mechanrisa to create 2 partial wvacuum in the tube above
the entragped soil as the tube slips past the piston and into the bottom.
The vacuum is helpful in holding soil in the tube during raising opera-
tions ané in decreasing sampling disturbance. The principle involved is
the same coae whicn is utilized in onshore piston samplers .6 Except for
the pistor mechanise, the two corers are, for 2ll practical purpeses, the
same. In fact, the piston corer can be, and cfter is, used as a gravity
corer by removing the piston.

20. The kinetic energy available fcr bottom penetration by a grav-
ity single-entry drive saempler is a function of the velocity of the sam-

pler, i.e., KE =1/2 -v2 , Where EKE 1is kinetic energy, m is mass,

®#  (ceanographers commsonly refer to drive samplers and rotary core barrel
samplers us "corers,” and this terminology is often used in this report.

12
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apd v is welocity. In early sampling in the ocean, the velocity at-
tainsble by a corer vas restricted by the vinch speed. The practice
then was to lower the corer at the saxirum safe speed at vhich the cable
could be let out. Velocities up to 20 ft/sec were cbtainsble by letting
the vinch run on the brake for the last 300 f‘tofdesc:eni:.z2 In gen~
eral, though, velocities vere mich less than tiris, vith the result that
kinetic energy supplied oniy a small pert of the total energy availsble
for penetration.

21. In 1940, Fvorslev and Stetson conceived the first free-fall
relesse mechanism to increaze the welocity of a corer using a pilet
weight vhich would trigger the corer assembly. The corer assembly was
suspended above the pilot weight and
permitted the corer to free-fall
from a predetermined height into the
bottm.zz The vilot weight could LTSNS WAL A
be a dead weight or a second short

penetration corer used to obtain a

shallower sample of the surface o
soils. Fig. 5 shows a release
mechanism. Japi—
o °©
- - o .
——THINGER WOENT uSE L
< 70 6 reoT
LESP R BenT
CORER - 11
it
Fig. 5. Kullenberg piston corer release 11
meckanism (from reference 21) \.‘\“'i”j

{Courtesy of U. S. Naval Oceanographic Office)
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Figs. 6 and T depict the op:ration of (a) a gravity-type corer, and
(b) a piston-type ccrer using release mechanisas.

22. Terminal and striking velocities and other pertinent charac-
teristics of corers free-falling through water are discussed in refer-
ences 22-25. The penetration of a free-fall sampler into the sea floor
depends on the energy available during the sampling operation, the geom-
etry of the sampler, and the variation in soil resistance with depth.
The energy is compriscd of kinetic energy, which is proportional to the
mass and the square of the velocity of entry of the sampler into the
soil, and of potential energy, which is proportional to the mass, the
free-fall distance, and the depth of penetration. The geometry of tke
sampler will influence the ease with which the sampler penetrates the

FREE FALL PENETRATION HAULING N

{Courtesy of U. S. Naval Oceanographic Office)

Fig. 6. Principle of operation of gravity-type corer
(from reference 21)
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_— (Courtesy of U. S. Naval Occanographic Office)

Fig. 7. Principle of operation of piston-type corer
(from reference 21)

sea floor and the amount of soil resistance mobilized in resisting the
sampler's entry. The depth of penetration is inversely proportional to
the increase in soil resistance with depth. In the corers to be dis-
cussed, the individual designers have varied the corer mass, impact ve-
locity, and corer geometry to improve penetration. However, penetration
alone is not enough because the quality of the sample obtained is often
more important. The penetration of corers into the sea floor has been
analyzed by Schrnid;')5 and Korites.26’27

23. Sampling tubes in use are made of metal or plastic with

15
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circular, square, or rectangular cross sec-
tions. PFigs. 8 and 9 show & cylindrical,
plastic-tube corer and a bottan—res{:, rectan-
gular, metallic-tube corer, respectively.
Plastic liners generally used with the metal
barrels are commonly made of cellulose ace-
tate butyrate \CAB). The assembly of the cy-
lindrical metal-tube Kullenberg piston corer
vith a plastic iirer is shovn in fig. 10.
Since a CAB liner has a relatively poor de-
Md;;:-m grze of iupemeability,28 a sample =zy lose
Fig. 8. Richards single, water if it is stored in its wlastic liner
cylindrical , plastic- for a significant length of time prior to

tube barrel corer (from

reference 7) testing. Other plastics which apparently

are less permeable are polycarbonate, poly-

ethylene, and polyvinyl chloride (PYC). PVC pipe has been used success-
fully as the barrel cf some corers.21’29’3° Delrin plastic has been
used successfully by Richards.T

2k. Prior tc sarpling, the depth of water should be known, and
general knowledge of the bottom composition should be obtained. The
water depth establishes the length of cable needed to lower the corer to
the bottom, thus eliminating the possibility of excess cable being let
out with subsequent kinking. Preliminary information on bottom composi-
tion can be cbttained from past experience in the area, strength of the
bottom reflection trace on the depth recorder, the traces on a subbottom
profiler, or from surface grab samples. These observations will mini-
mize the chances of losing or cracking a corer assembly due to attempts
to sample a bottom which is too hard.

25. FRichards, 30 12

McManus,” Rosfelder and Marshall,” and Inder-
31

bitzen™ present information comparing current marine corers with
Hvorslev's criteria for sampling tubes. Table 4 lists characteristics
of some common ccrers currently in use. This table shows that, with the
exception of the USNEL spade corer (fig. 9), none of the corers listed

meets all of Hvorslev's criteria.
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f Main wire
E 1 Hook
y ’ 2
DESCERT :
———— [
Ve W'
¥
=" |4rCospass
l
} ‘ welght column
4
i Compass taut wire
4
Release lock
Gimbals

Water vents ]

Spade, lever (D |
[ 4
W el
3 Box
L’ holder

Double pulley t
,; Gusse Box Tripod

paardd i)

(Courtesy of The University of lllinois Press)
i
Fig. 9. USNEL bottom-rest, rectangular, metallic~tube spade corer
(from reference 12)
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G (A BODY TUBE

——————CORNG TUBE

UPPER ASSEMBLY
OR WEIGHT STAND

{Courtesy of U. S. Naval Oceanographic Office}
Fig. 10. Kullenberg piston corer assembly (from reference 21)
26. Table 5 gives ranges of corer diameters and barrel iengths
for samplers currently in use.7 Keeping in mind Hvorslev's safe-length

criterion, the maximum safe lengths obtainable would be 20 £t for a

12-in. gravity corer and 10 ft for a 6-in. piston corer. For many
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engineering purposes, exploration to ceptis much gréster thim 20 ft is
required, and the single-eniry drive sampler canmot, of course, mret
these needs.

27. The piston cicer vill generally cbtain a longer sample and
will hold the sample in the corer better than the gruvity corer. Now-
ever, because of the dynmic penetration of single-eantry smmplers, sam-—
ples obtained vith a piston corer are often sore disturbed than those
taken with s gravity eour.T’m’ﬁ’n This is due prinarily to the dif-
ficulty of maintaining a stationary pistoc during samgling operstions
and to the practice of rsising the sampler vith the vinch csble directly
linked to the piston. The msintenance of a ststionary piston depends on
the stability of the work platform and the connection between this plat-
form sad the piston. Ships and barges are moving platforms, snd the
roughness and the natural swell of the seas are transaited via the
vinch, main cable, and piston cable to the piston md impart an oscilla-
tory action to the piston relative to a fixed horizontal plane. This
causes a pumping action behind the sample instead of a uniform increase
of the expected partial vacuum. The pumping motion impedes sampling
during a downvard stroke and accelerates it during zn upward stroke.

28. Raising thc sampler vith the piston cable can cause a strong
pull on the piston, which usually results in the vertical upward dis-
Placement of the riston until it seats itself on tne stop collar of the
tube assembly. This often occurs in cases in whi-h the piston is not
seated firmmly on the piston stop collar of the sampler tube assembly
(due to insufficient penetration of the sampler to fill the full length
of the sample tube). The force and dispiacement result in a distortijng,
sucking action on the soil already in the tube as well as a sucking in
of excessively disturbed soil at the bottom of the sampler.

29. Many investigators6’lo »11,23,37,38

of piston coring. These investigators have studied the disturbance cre-

have examined the problems

ated by elastic relaxation waves traveling the main cable and the degree
of disturbance in various portions of the core sample, compared piston
core samples with gravity core samples, and considered the iniportance of

sample disturbance relative to the sample's purpose. :
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30. 'The advaatage of pistoa coriag over gravily corimg is shoum
in tadle 5; mach deeper pesetratioss are possible vith the same diameter
cover. The possibility of smmple loss ic also decrézsed becamse of tae
purtisl vacumm asbove the sample. For enginecring parposes, il must be
decided vhether & lomg dizturbed sample is more or less desirable U a
short, less disturded sample which gives =20 information oo the myiérial
at grester depth.

31. Seversl innvvatiom:c to inprowe gravity-type, single-eatry
drive smmplers have been suggested and/or used. Cne of these is ine
free or unattached mr.w This is an un.ethered gravily corer
vhich may de drcpped Fzto the water from a moviag ship or an airglave.
It includes an expendsble outer burrel and weight sssenbly which remwsin
on the ocesn bottom after a sampling operation. The ssxple, inside a
plastic liner, is floated to the sea surface by sttached bucyant fiasks
vhich are triggered loose from the exgendable portions of the corer
after the corer penetrates the bottom. The corer is dezigred to take
k-ft cores. Fig. 11 shous the “Soomerang™ corer® a its overstion.
Successful recoveries of these corers harve been msde 90 percent of tZe
time, and only a few of these did not contain =oil sanples.~3 The char-
acteristics of the "Bocmerang™ corer are listed in table k.

32. Fiston irmobilizers have been devised to divorce the nizton
from the upward pull of the main cabie during the raising of the sampler
from the bottom and, at the same time, to restrain the piston from moving
down due to its own weight and the weight of the soil sauple.ls’bh.ks
Fig. 12 shows an immobilizer produced by Benthos, Inc. The upper hal?
separates from the piston asserbly and is pulled up to tne upper end of
the tube assembly so that the lift force is applied at the piston stop
or collar assembly of the corer. The piston is irmmcbilized from moving
down by wedging brass bzlls sgainst the inside of the core barrel.

33. Inside wall friction can be reduced by providing a mechanisn
that allows retention of the sampled soil in the sampler, but separates
the sampled scil from the movement of the core barrel as the barrel
moves past. The Swedish foil samplerh7 provides such an arrangerent.

As the sumple moves down, steel foil strips unreel (at a rate egual to

20
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the pemetration rate} from storage Teels mear the
bock of tae catier bead and snclose the 30il ester-
ing the sumplisg tabé. The 0il and the foil ew-
cusing it remin sistiseary isside Uke tube as the
Labe slips pust and dowm, thes clindastiag friction
Setwites (he 30i) dasple st the inside mil of ke
sampling tabe. TXis samplier is mot 3 Clome sarise
sedisvet swmpler, Bt his bota wid saccessfuily o
land and in shallow -d’.u-.“’u

. A somndiat similir arrsaginest (U
Charlik corer) wsing & flexiblie-type limer has been
developed for marise wse. 0™ Fig. 13 shows the
asseshly of Lhe Outting hesd, flexidle licer stor-
age, piston, and core barrel of the Chmelik corer
and the operation of the liner. As the cwmiting
head and core berrel slip pest the piston, the
flexible liner (synthetic casing used in the meat
packing industry) mafolds and encases tbe soil sam-

ple as the core barrel slips by withoat touching
Ny §
Falentl, Monmcinarey | soil. Dbricaﬁumﬂsobmmdfors;e-
ducing both inside and outside wall frictiom.
f::inlf; r :im' i-ib! 35. From the previous discussiom, it is ap-
Benthos, Inc. parent that gravity-type, single-entry drive san-
plers will take deeper samples of the bottom then
surficial grab or scoop samplers. However, the gravity samplers are still
geonerally insufficient for deep foundation engineering purposes. These
corers gererally tend to preserve the in situ stratigraphy, but they dis-
turd the 36il samples to various degrees.

36. The gravity corer obtains 2 less-disturbed sample than the pis-
ton corer because of the difficulty cf maintaining a2 stationary piston and
the practice of raising the sampler by the piston. Piston immobilizers
have been developed to eliminate the effects of raising the corer by the
piston. Otker means suggested or used to increase the efficiency of grav-
ity, single-entry drive samplers and/or to decrease sample disturbance
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Fig- 13. Cmelik flexible liser cover (from referemce 51)

include (2) the wse of 2 flexible limer system, (b) the use of lubricaats
on the walls of the corer, (c) the use of bottom-rest systems wvhich are

esseatislly free of sea swface influences during the zampling operstioas.
and (3) the wse of supplementary propulsios systems to aid in penetration.

lled § Drive 3

37- Propelled single-eatry drive samplers using rocket fuel, vi-
bratioa, or other means for driving a core tube into the bottom have beex
sugpested and/or developed to ocbtain greater peaetration or to sample
hard bottoms.

Bocket-fueled samplers
38. An example of the rocket-fueled sampler is the Borwegian
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Setedmical Institute (BCI) gus-operated zes flover smpler (fig. 15)."
This sumpler dtuing practratien Uwrvagh its amss aad ke welocily it st~
taing prier to cxteting 4e buttom. After the Torpedo (2 nickaame given
the sumpler becamse of its shape) cumes to rest, 3 thin-wslled sumpling
tabe g driven pust & fimed pistn istc Uhe soil beiow 32 3 rte of p-
poximntely 0.2 afsec Wy forces crested Wiind the sxvakie piston
(fig- 1W) tiwongh the cmtrolled graertice of gxs from the timed igni-
CLion of & selid rochet proseliwk. Air between he fined and aowveble
pistons escapes tigough tUhe veat holets into U bollow piston sod apd
out the soarvtars valwe st the Lop of U Torpedo. Wes the noviag pis-
ten papses the vest holes Woe cmpletion of its sumpling stroke, the
eness gus geaerated bebkind the piston is vested Uhrough the vest holes.
The tabe tabies = sunple S mm (2.1 in.) in diswter and 1.65 n (5.4 )
long. This is ecsemtially s fizsd-piston opermtion dur in past to the
short poriod of time (iess than 20 sec) aseded o drive the sampler.
Tae sampler is designed Lo operate in water depths 33 gremt a8 F0 »
(1150 f¢) smt weighs 510 g (1120 1b) im air. The sampler is corsidered
safer than ma esrlier explosivwe-type corer, whict wilized rifle primer
sad puapowder:s 10 3200t the zappling txbe izto th> sen (loor, because
the Torpedo’s mein charge wd igniter caa be burned while held in the
l.d-e".; Vith tke muss of the sanpler beisg comstwet, the deptd of
penctirziiona of tiae sumpler is determined Dy its impect welocity, uhich
is coatrollef by i3e wiach speed or by the free-fall distance if the
swpler is allowed Lo free-fall Lo tihe bottom. 37 varying this welocity
on successive lowerings of the swmpler, the depth 3t vhick actual san-
pling takes place can be predetemmined. Though reestry into the same
hole is pot possible, ircremestal sawmpling in 3 smail localized area is
possible. Maximum depth of pemetratics d>f the samplirg tube is 9.7 m
(32 ££). It is predicted that if the frec-fall reiecase tecmique is
used with tkis sampler, pemetratioms wiil meach 2 depth of 2C = (66 ).
The sampler's characteristics are listed in tabie k.
7ibraticn samplers

39. Marine samplers using vibration to causz tie sampling tube to
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pemetrate the bottam hawve alsobeudcnlo’td.n'""sl'ss These have
been especially woeful in smpling soncobesive soils. The Nuscisms,
first W wse vibratory saagpling st sea, woed ;s electric vibrator
aomited a a botton-test sampling system composed of 2 bottun it fors
for stability and ma wright fraaswork alomg which the vibrator rides
a8 it drives the core tube into the soil. The piztom is immobilized by

[Cuartesy of The Sucicty of
Fig. 15. Vibracore ready to de
lovwered to the boittom of the sea
(from reference 56)

a cable stischoent R the top
of the fraw. The systen ic
lowéred and raized by 3 cable
attached Lo the fraaw, wd
electric power iz supplied to
the vidbrator from the zurface
vezsel.

b0. Hoth Coewn Science
wt Incioeering, Inc., w4
Alpine Seophysical Azzociates,
Ilnc., mmulscture vibratory
cocrers. The Vibracore of Al-
dine coerates in naxinun desths
of 200 ft of water =mé Lakes 3
3=1/2-in.-dia samplie up to
30 1t in tengt2.%857 fmis is
* bottom-rest system (fig. 15)
composed of an H-bean lower
that c=upports and gul ses the
rivrater sné the swmpling tude
snd a four-icgped voticm sup-
port framework. The zir-
mwered mechunicai vibraior
drives the corer into the bot-
toee. It tuzes about 170 sec
to cbtzin = 20-ft core. The
wnit includes z meter which

indicutes tne amount und rate
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fFoom USCE. S1. Lowis Distvicy)
(a) Descending, (b) Coring, (c) Extracting, (d) Ascending
Fig. 6. Schemstic diagram of USGS-WES sampler in operation

of penetrstion of the corer. The shipping weight for a M0-ft core model
is 3000 1b. An umbilical cord delivers compressed air from the shipboard
compressor to the vibrsting unit and transmits electronic signals from the
meter to the on-deck recorder. The core tube is withdram into the frame-
work prior to reising the sampler. The U. S. Army Coastal Engineering
Research Center has successfully used a Vibracore in its sand inventory
work, 58259

kl. The St. Louis District of the Corps of Engineers used a vibra-
tory corer on the Mississippi River in 1966 (fig. 16). Built by the
U. S. Army Engineer Watervays Experiment Stztion (WES) for the St. Louis
District, it was patteraed after the U. S. Geological Survey (USGS) model
vhich had been used on the Columbia River.6° The USGS version was de-
signed to take a 6-ft-long sample; the WES model vas designed to take a
sample approximately 11 ft long, but only 5-ft lengths of samples were
obtained by the St. Louis District due to the denseness and coarseness of
the river bottom materials. This is a bottom-rest system using a fixed-

piston corer. Through the unique arrangement of pulleys, the tension on
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the cable is transmitted to the sampling tube as a dowmvard thrust.
Hence, the corer utilizes tvo principal means of penetrating the bottom:
() vibration, .md (b) conversion of tension on the main cable to a down-
vard thrust on the sampler tube. The vibrator is a single-phase rotary
type, delivering 135 kg at 60 Hz, and operates from a shipboard portable,
gasoline-motor generator unit. The core tube is pulled back into the
corer before the assembly is raised. Sampler characteristics are listed
in table k.
Other sumplers

§2. A pneumatically operated core sampler {the Machereth sampler)
has been developed for operating in water depths of 250 m (820 ft).35
The bottom-rest system, vhich was designed for lake work, is held to the
lake bottom by hydrostatic pressure acting on a L-ft-high by 18-in.-ID-
cylindrical anchor chamber embedded in the sediment. The corer sits on
top of the cylindrical chamber and operates along the axis of the cyliader
after it has become anchored. Upon contact of the cylindrical chamber
vith the bottom, water is pumped out of the chamber to the surface. As
this withdrawal occurs, hydrostatic pressure drives the anchor into the
bottom. When mud appears in the discharge aboard the surface vessel, the
pump is shut off. The corer is then driven into the sediment by com-
pressed air acting behind a piston, which pushes the core tube past an-
other fixed piston into the soil. Using this corer, 1-1/2-in.-diam,
19-1/2-ft-long samples of glacial clay, said to have had no apparent evi-
dence of disturbance, have been obtained. Compressed air may be supplied
by bottled air or by a compressor. The entire assembly is lifted to the
water surface with the core tube in the extended position. The sampler
does not have a liner, and the samjle is extruded by retracting the sam-
pling tube into its housirg and ejecting the soil sample into horizontal
sample troughs. The characteristics of this corer are listed in table k.

h3. Richards6l has developed a bottom-rest system which can take a
4.2-in.~ID, 9-ft-long sample. The system (fig. 17) is comprised of a
bottom bearing platform and an upper tower. Electromechanical srrauge-
ments drive a sampling tube or a testing device from the tower into the

soil. The system is capable of obtaining a soil sample, inserting a
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nuclear densimeter probe, or
pushing and torgquing a vane
shear device. Each of these
is a separate operation and
requires raising the system,
changing the device, and re-
lowering. A wet-cell energy
source and electric motors

for powering the system and an
electronics package for trans-
mission and relay of commands
and data are all mounted at
the base of the tower and are
either in pressure-
compensating or pressure-
protected enclosures. An um-
bilical cord from the surface
vessel to the bottom system
carries commands from the ship

to the system and data from

the system back to shipboard

recorders. The corer charac-

(Courtesy of Norwegian Geotechnical
teristics are those of the Institute, Oslo, Norway)

Richards' hydroplastic corer Fig. 17. Richards' bottom-rest system

described in table b with vane shear equipment attached (from
‘ reference 61)

L. The University of

Rhode Island has developed a bottom-rest system which is called the Deep
Ocean Sediment Probe (DOSP) for the U. S. Navy Underwater Sound Labora-
tory (fig. 18). An electromechanical system is used to drive (without
rotation) four test probes simultaneously, or to alternatively drive
(without rotation) a thin-walled corer, all to a maximum penetration of

5 ft into the bottom. One probe houses a sound source, and the other

At et AN AR | N SR Sk m

probes house hydrophcnres to pick up the sound transmissions and thermis-

tors to measure soil temperatures. The coring tube is made of acrylic
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1. Sediment sompies, 3% diam, ¥ leng, scrytic,
WI1” walt

2. Sompler @rive moter and §O8r reducter

3. Core concher-cutser assembly

4. Probe howsing, &/ diegonst seperstion
Dosweon grobes, § long

S. Probe besring suppert

6. Prohe drive Mm0wr and gesr reductor

7. Sound source prebe tip, sperkplug in
steiniess seeel

8. Stydrophone-thermistor prebe tip,
3 eech, pvc

9. DOSP support pedeyes

0. Hydrestatic ancher skirt, 42% diam,
2% Wick, 12% high

11, Hydeestatic anchor pump, 2 eech
Pressure t8ps

NOT SHOWN

8. Electronics pressure cases (2 each)
b. Sing-sround velocimeter

€. Pressure cOmpensated sutomotive batteries
(2 sach)

d. Cabie feed and tekoup reel
. Elactrical cabling

(From preprints, Offshore Technology
Conference Paper No. OTC 1290,
1970, SME/AIME)

Fig. 18. Deep Ocean Sediment Probe (DOSP)(from reference 62)

plastic and takes a 3-in.-diam core. The entire unit is held to the bot-
tom by a b2-in.-diam by 12-in.-high hydrostatic anchor, which operates
in a manner similar to the Mackereth hydrostatic anchor. Commands and
data are transmitted via an umbilical cord running from the surface ves-
sel to the IJOSP.62

4kS. A multiuse sampling and test frame, DOTIPOS, has been devel-
oped to take 10-ft cores (discussed later in this report). The U. S.
Haval Civil Engineering Laboratory has completed the design of a 50-ft

bottom-rest corer which is expected to be constructed in the near future.
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46. Various techniques for obtaining bottom samples from greater
depths are suggested in the literature. Rot;felder‘j5 suggests the use of
a mole-type corer which penetrates to the desired ssmpling depth by jet-
ting and then pushes a sampling tube into the soil below the depth.

With the development of a hole reentry system, this mole corer could pro-

- vide incremental sampling. Another suggestion is to use electroosmosis
to assist the penetration of samplers through thixotropic soils which
often overlay consolidated formations at sea. This process could be
used both on the outside of the sampler body to achieve greater sampling
depth and on the inside of the core tube itself to reduce wall friction
and sample disturbance. Rosfelder also proposes the use of a sampler
vhich obtains continuous samples in flexible tubing which, in turn, is
wound around drums and stored for later examination of the soil ob-
tained. The drums could be located either above water or on the ocean
bottom. All of these concepts require further investigation. Frohlich
and McNary63 are developing a hydrodynamically actuated hard rock corer.
With this corer, ambient hydrostatic pressure would be used to acceler-
ate a mass of sea water downward through a vertical pipe to drive a cor-
ing tube into the sea floor. A

k7. To summarize, propelled single-entry drive samplers are used
to accomplish deeper bottom penetration and/or to obtain disturbed soil
samples. A variety of energy sources are used or suggested: (a) elec-
tromechanical couplings, (b) rocket fuel, (c) vibratory systems, (d) com-
pressed air, (e) water jets, (f) electroosmosis, and (g) hydrostatic
pressures. Some of these are still conceptual, others are in prototype
stage, and some are production models. They all require much improve-
ment before samples can be obtained from sufficient depths for many foun-
daticn engineering purposes. Repeated sampling at various depths in a
localized area depends on the ability of the surface vessel to hold e
position over a point on the ocean floor and on the degree of drift of
the corer on subsequent lowerings. To obtain deep samples at a fixed
location, drill string operations which permit repeated entry into the
same borehole are required.
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Repeat :d-Entiy Drive Samplers

k8. 1In general, repeated-entry drive sampling requires the use of
continuous drill string connections from the wvater surface to the bottom
of the test hole. The major differences between this system and others
are the ability to obtain samples at greater depths below the sea bottom
and the capebility of obtaining higher quality undisturbed samples of
all material encountered in the borehole.

k9. Ocean floor sampling using drilling equipment is primerily an
adaptation of onshore drilling systems to the ocean enviromment ct a con- §
tinuwously moving sea surface. Drilling equipment must be insulated ‘rom
the rise and fall of the sea surface, and lateral motions must be held
to less than those vhich would cause excessive bending moments in the
drill string (or casing if casing is used). As recently noted,a' the
problem is one of providing an adequate base from which to conduct drill-

ing operations. This might be (a) a barge, sunk at the site, then re-
floated upon completion of drilling; (b) a fixed platform, raised above
the sea surface on legs jacked into the sea floor; (c) a fixed platform
3 supported on piles; (d) en anchored barge; or (e) a self-propelled ves-
sel using anchors and/or auxiliary thrusters to maintain a relatively
fixed location.- An elevated platform minimizes the effects of tides,
waves, and currents, but is costly and is used for soil exploration only
for major projects. Anchored barges are used until the distance betu-en
shore and the drill site becomes so excessive that an oceangoing tug is

required for support purposes. A more flexible system is to place the

kLo
el

drill rig on self-propelled vessels that can operate relatively indepen-
dently of shore; a sophisticated development is the Global Marine Chal-
lenger used on the Deep Sea Drilling Project /DSDP), but this type equip-
ment is hardly feasible for engineering projects because of its high
cost. The choice of equipment for a particular drilling project is
largely an economic one determined by depth of water, distance from

4 shore, reciuired depth of exploration beneath the bottom, and the size

and importance of the proposed project.

2 50. Drill rigs used offshore are those commonly in use for
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heavy-duty subsurface exploration onshcre, and the saxpling tools used
on the end of the érill string are the same as those used oashcre.

These include standard split-spoon samplers, vire-line samplers, piston

samplers, and rotary core barrels. The relative merits of these sam-
plers for onshore work, as discussed in the literature, are applicable
to offshore vork also. The sample disturbance aspects of these samplers
also are presented in the literature, and the Hvorslev ratios noted ear-
lier in this report for drive samplers are applicable.

51. Drillirg opersations can be accomplished with or without cas-
ing and require the use of drilling mud. With casing, the sud can be
returned to the sea surface, settled in a sump, and recirculated. The
use of bottom- (sea floor) supported casing that is separated from tke
vertical motion of the surface platform is feasible until wvater depth
becomes excessive, e.g., the column strength of some nominal-sized cas-
ing is not surficient for it to be supported only on the bottom in water
depths greater than 150 ft. 4 Drilling without casing results in the
drilling fluid and cuttings being discharged on the sea floor.

52. WES has used casing from the water surface into the borehole
while obtaining undisturbed sand samples from the subbottom of the Ohic
River at the site of the Mound City, Illincis, lock and dam project and
from the subbottom of Lake Pontchartrain off the mouth of the Inner Har-
bor Navigation Canal in New Orleans, Louisiana. Both sampling opera-
tions were performed in water depths of up to 40 ft. On the Ohio River
project, a truck-mounted rotary drill rig was placed aboard and operated
from an anchored barge. On Lake Ponchartrain, a truck-mounted rig was
operated from a self-elevating platform which raised itself above the
lake surface by jacking its legs into the lake bottom.

53. The sampling operation followed the WES procedure for undis-
turbed sand sampling below the water table.65 In this procedure, a fish-
tail drill bit with baffles (fig. 19) advances the borehole. The
baffles deflect the drilling mud jets upward and prevent the jets from
disturbing the soil below the bit. When the sampling depth is reached,
the borehole is cleaned out, the drill string and fishtail bit withdrawn,

and the soil sampler lowered through the casing into the borehole.
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5%. A Evorslev-
Lype piston samgler
(rig. 20) iz wsed Lo
obtain undisturbed
samnd saeples. The
16-gige steel zample
tube Bas wm inside di-
a-ter of 3 in. and
iz coowmonly 2.5 N
Iong. The angle of
taper or the cutting
adge iz IO deg, and
the ares ratio is ap-
proximmtely il.

Fig. 21 shous the rei-

Fig. 19. Fishtail bits with baffles ative positions of the
piston and sampling tube during the sampling operation. The sampler is
pushed continuously into the soil by the oil-operated hydraxlic drive
system of the drill rig. A rate of zanple pnenetration that has given
satisfactory results in the past is 0.16 ft/sec. Additional detsils on
the drilling, sampling, and sample handling of saturated sanis ure pre-
sented in reference 65.

55. The drilling mud in the drill hole below the casing is con-
sidered partially responsible for the successful retertion of cchesion-
less soil in the sample tube. The drilling aud forms a merbrane on the
bottom of the sample and has two effects that contribute to sample reten-
tion. The vacuum on thie upper side of the sanmple due to the piston ac-
tion causes the drilling mud to exert an upward pressure on the bottcm
of the sample. This pressure, coupled with the natural tendency of sand
to arch, materially assists in preventing downward movement of the sam-
ple. The drilling mud prevents drainage of free wvater that othervise
would cause progressive erosicn of the bottom of the sample. In zddi-
tion, the viscosity of the drilling mud impedes the formation of turbu-

lence around the bottom of the sample tube; turbulence frequently causes

3k
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Fig. 20. Three-in. Hvorslev-type piston saspler

progressive erosion of sand samples during wvithdrawal of a sampler from
borings drilled with clean wvater.
56. McClelland Engineers uses a wvire-line system without casing
i
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Fig. 21. Cross section through boring during Hvorslev-type
piston sampler drive and withdrawal
(shown in fig. 22) toc drive an open, thin-walled, 2.25-in.-0D sampler
through 2.98-in.-ID drill pipe into the borehole botta.“ M and cut-
tings are wvasted at the sea floor as the borehole is advanced to
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sapling depthi. The sgler is driven iasto Uhe bottum Ly repeated
Slews, wp Lo 3 mximm of W, of a sliding weight (175 1b) dropped Trom
3 height of $ 1, and Use mmber of Slows tveded 0 achieve 2V in. of
penitration is revonded. The J-blow limil wic et Lo prevest Gwer-
stressing of the wire line duriag rétcieval operations. Samples ob-
M&MWW&QMW&M."“

1. NCicliant Enginvers condacted 3 congarative cashore simpling
MUgrim it Yemioe, towisiami, in clay ooils Unk were grolagicoally asd
physically similar o Uwod on the Contlinistal shtlf in the Gelf of
Rexico- & Both the 2.25-in. and the 3-in., wire-lime swplers, a Fin.,
opta-drive push tampler, and 2 3-3a., Eatd-pittos sampler were wond.
The sumplers stlecled permitied Uhe rélstive evalustion of ke eflects
of tabe dismter, ingect drive, putk drive, and opea-tubé wersws fined-
piston smpliag on sumpls quality. Shesr stlrengths wire ditermined Wy
wmtonfingd compréssion tests sed xiniatuwre vase te2its on the 30il swm-
ples sad wire conpered with results of in sitw viee teils.

58. A ccasistaat Treus of stremgth imcrease with depth was fouaed
in the formation izvestigsted. This was true regariliess of t3: combins-
tiom of supling mad testing weed. Nowewer, the mumtrical walwmes of
shear stresgth did reflect the effectiwesess of the combimation: used.
Generslly, the lowest streagths were obtained for the 2.25-in., wire-
line s0il samples, vith progressively greater streagths conurring for the
3-in., vire-line samples; the 3-in. cpen-drive push samples; and the
3-in., fixed-piston samples. These findings confimed Eworslew's com-
clusions that: (s) sample disturbacce decreases with increasing diame-
ter of the sampler, (b) pushing a sampler causes less sanmple distrrbance
than hammering a sampler into the soils, and (¢} a fixed-piston sampler
causes less disturbance than an open-drive samler. The unconfined
conpression tests generally gave lower shear strengtas than the minia-
ture vane tests. The in situ vane tests provided the highest strength
values. The choice of She sampler and correct usage of sbear strengths
obtained are functions of the engineer's experience, and any applied cor-
rection factors are based on judgaent.

59. A major problem of repeated-entry drive sampler operations

e e i i
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from the surface withoswt casing is the imability to reester a kole after
the drill string hacz been pulled wp cither 10 change drill bits or be-
canse of isclemest conditions om U= Sead sarface. TO provide reeatry
capebility, a syster: has svoently bren developed for wse on e Glzbal
Marime Chalienger D08 B5T  Bomeper, thix kac mot 2z yet (1972) boem
wsced in engintering s0il exploration.

0. Amother type of repested-entry drive sampler is the bottom-
rest GeodofT X1, whick was decignid by Conrad-Stork, Haarlem, Nolland,
and the Dutch Ceclogical Survey W.‘a With this sangler, rotary
drilling iz woed to advanoe the drill pipe. IT the 20il resistamce iz
low, the core barrel is pusked into the soil abead of Uhe drill Bit.
The leagth of core barrel protruding is fromt of the drill dit decrexses
wild increxsiag s0il resistasce. Whea the fromt of ke core barrel is
pached dack completely izto the drill biv, i.e., when the 20il resis-
tamoe iz high, the core barrel is locked to the drill pize, ad further
sanpling is achiewed Ly rotary drilling. The Geodoff II csz core to
depiis of 43 m (15T ft) in the zea floor, taking twelve k-m- (23 £t) long
cores. Each k-m leagthk of zamgile iz brought mp thwewg: $3z 3riii string
and stored oz = rotating supply disk before the mext d-m length of core
barrel is inserted iato the Mole and the mext l-m leagth of drill pipe
is attached to the &ril) string (see fig. 23). Upon completion of ssm-
pling and drillirg, the &rill siring is broken dowm snd 2136 <tored om
the supply disk. The 2lectric moter, Aydraulic pareps, 2ad computer are
Bouwsed in dnums on the main body. Ae wnbilical cord to the surface wes-
sel supplies electric power, electric signals, and drilling mué. Infor-—
mation is not availadble on the core barrel details or or results of any
field tests. The advantages of this sampler over oth2r bottom-rest san-
plers are its reentry czpability for taking consecutive samples amd its
capability of sampling both hard and soft soils.

6. In summary, repeated-entry drive sampler explorztion systens
can ootain soil samples from greater depths below the sea flcor inan can
the single-entry drive sampler systems. The ¥cClelland Engineers® wire-
line system obtains disturbed samples, 2nd the Geodoff II systen appears
to be capable of obtaining relatively undisturbed samples, but this has
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Fig. 23. Geodoff IJ repeated-entry
drive sanpler (from reference 63)

sanples fron greater subboitom depths.
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Giltling dissian sndl 3 sousting Jupply diar on wiigh
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Fet to be proved since details
on the core birrel and results
of fizld tests are mot available.
The wvire-line zanple tube and
Geodof! II core barrel are simi-
lar to the devices used om land,
and the Hworslay criteris used
to eraluste ability to cbtaim

W isturbed sanples a&Ye uwppliicu-
ble. The need still exiszts for
an undisturbed szmpling system
whick can operatn econoerically
and efficiently in continental
shelf water derths and cbtain
The system should be operabie in

the sea surface conditions that exist over the continental shelves.

Handling, Packaging, and Transporting Undisturbed Samples

62. Cbtaining nigh-gquality undisturbed samples by exacting drill-
ing operations is not in itself adeguate since the real purpese is to

test and evaluate undisturbed sacples.

Often this cannot be done at the

drilling location, but must be accomplished at a different location at a

later time. Therefore, it is essential that samples of cohesive soils

be removed from sampling tubes, properly packaged to prevent loss of
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moisture and distuwrbance, snd csrefully handled during transport to the
testing sit=. In the case of cohesionless saturated sands, tube samples
must be given special trestment to ensure that determinations of in situ
characteristics are not sdversely affected. The procedures given in
parsgraphs -6 of the Corps of Engineers soil sampling -nm169 are ap-
propriate for the preservation and shipment of undisturbed samples of
earine soils. However, several considerations not common in land prac-
tices must be taken into account in marine samples. One is that cohe-
sive marine soils near the surface of the ccean bed are frequently much
wveaker snd of much lower density than soil deposits on land; therefore,
undisturbed samplesr of such soils must be handled even more gently and
carefully. Seconily, cohesive marine soils taken from sites vhere vater
depths are great may undergo considerable expansion when brought to the
vater surface because of the relief of high hydrostatic pressures. If
there are 10 indications of disruption of scil structure, samples may
still be suitable for strength and consolidation tests in Lue labcratory
using back vressure, as discussed in Part III. Should severe disruption
be evident, this must be taken into consideration in evaluating the va-

—

lidity of test results; presently, no procedure is known in which an un-
disturbed sample can be sealed under its in situ hydrostatic regime and
tested in the laboratory in a simulated in situ environment.

Geophysical Techniques

63. Geophysical techniques are used extensively in the ocean to
provide general information about the sea floor in a given area in a
short time. Only a brief discussion is presented in the following para-
graphs because of the vast scope covered in detail in other publica-

Geophysical techniques involve the detection and recording

of the response of the sea floor and subbottom to various energy sources
or the determination of gravitational or magnetic anomaiies. Geophysi-
{ cal response data are recorded automatically on strip charts, magnetic
1 tape, or punched-vaper tape. Strip charts provide an immediate record

of results which can be used to modify the exploration program as it
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3 progresses, vhereas magnetic-tape or punched-paper-tape records require
further processing before results can be evaluated.
1 Acoustical techniques

6k. Reflection acoustical techniques are commonly used for engi-
neering work; they involve the generation of an underwater acoustical
wvave by explosives, gas guns, electrical discharges, or electromagnetic
sources and the recording of the reflection waves from the bottom and
subbottoms. Table 6 lists characteristics of a few acoustical systems.
The "Sparker" creates a compressional sound wave by an underwater dis-
charge of 2 high electric charge of 10,000 to 20,000 v across two elec-
trodes, providing wave penetration of 1,000 ft or more into the ocean
bot:t;onl.‘n"‘{5 The "Boomer" is another means of generating acoustical
waves; through the manipulation of the electromagnetic field around two
plates, the two plates are caused to alternately attract and strike and
3 then repel each other. The Sparker and Boomer are used for continuous
; reflection surveys since they are able to generate acoustical waves re-

peatedly in quick succession. In both systems, the sound source (com-

monly referred to as a fish) and a series of hydrophones are trailed
behind the surface vessel. The sound source could be attached to the
vessel's bottom, but the trailing method provides flexibility in moving
the equiprent from vessel to vessel and permits the sound source and
hydrophcries to be spaced sufficient distances from the vesseli to reduce
significantly or eliminate noise effects of the vessel from the record-
ing. The energy source to be selected would depend on the resolution
and penetration desired (see table 6 and reference T73).

65. Records are obtained of reflections of sound waves from vari-
ous soil or rock horizons in the form of autanmatically recorded output.
An experiznced geophysicist can identify various stratigraphic layers
and the presence of rock subbottoms from such records. Correlation of
these records with available logs of borings can provide much informa-
tion on the lateral and vertical extent of specific soil horizons.

Plots of time of travel versus distance between source and detector pro-
vide information on velocities of sound in the various layers. Correla-

tions of sound velocities with soil properties have been attempted,
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but much refinement is needed for them to be useful to the soils
enginéer.%"78
66. The refraction acoustical technique involves the recording of
refracted sound waves from the bottom and subbottoms. Compared with the
reflection technique, the refraction technique requires stronger sound
sources and takes more time and the source and detectors must be spaced
further apart. However, the refraction method provides deeper subbot-
tom penetration. It is not commonly used in offshore engineering work,
but is mentioned here since the results of an old refraction survey may
provide the only existing data available in some areas.
67. Some characteristics of acoustical surveying are worth noting.
High sonic frequencies give better resolution of the sea-bottom inter-
face, but low sonic frequencies provide better penetration.79 Acousti-
cal impedence refers to the product of the density and acoustical veloc-
ity in the layer in question. Thin layers of soils are often masked out
by stronger responses of the sandwiching layers. If a stratum has a
lower acoustical impedence than the layer above it, this stratum gener-
ally will not be detected. These undetected layers are likely layers of
soft material (low density), and thus are important in foundation engi-
reering studies. Since hydrophones are simply receivers of sound energy,
they also pick up noise and multiple reflections of bottom features,
i.e., reflections that bounce back and forth between the mirror effect
of the air-sea interfacé and a bottom reflector. By proper filtering,
systems have been developed to minimize the effect of multiple
reflections.

Gravity and mag-
netic field techniques

68. Other geophysical techniques include measurement of gravita-
tional and magnetic anomalies. The gravimeter measures variations in
acceleration due to gravity, and the magnetometer measures variations in
the magnetic field. Both local gravitational and local magnetic fields
reflect relative positions of rock in the subbottom. The gravimeter is
sensitive to the increased gravitational attraction of denser masses

along a traverse. The magnetometer is sensitive to the differing
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magnetic properties of various rocks and their closeness to the surface.
™e informstics obtained using these techniques may be presented in pro-
2i¢ and/or mep form, showing lines of equal anomalies or lines of true

strengths of the gravity or mmgnetic field. Tris corresponds in a sense

5 developing s0il horizons in soil profiling and lines of equal eleva-
tiocns ir topographic mapping. It is not implied that analyses of data
frou gravity and megastic surveys are simple; the anomalies recorded
are respoases to three-dimensional fields, and thc conversion to two-
dinensionsl profiles and plans requires a good understanding of geophys-
ics and field tdeory. The use of gravitational and magnetic data along
vith the engineer's more cossor. tools may prove valuable in undervater

s0ils engineering. Other geophysical tools, such as gamxa ray and elec-

trical resistivity systems, are discussed in the next part of this report.

65. in summary, geophysical tools may be a helpful adjunct to any

marire scil study. The informution presented ir geophysical data sheets

or maps can be useful in determining lateral and vertical continuity of
301l strata, the location of bedrock, and intrusions of bedrock. An-
cther concideration is the availability of gcophysical data in various
oceanographic institutions. Engineers may find valuable information in
the geophysical surveys or tracks of oceanographic cruises which may

have crossed areas being investigated. These may be the only existing

sources of inforeation on the area of interest, and they may be invalu-
sble in planningz further exploration work and in interpretating resuits

of latey =xrioration. The use of acoustical surveys should not be over-

looked when sampling operations are conducted from an oceanographic

vessel, for often the equipment is =asily availabie and can be operated

while traveling to and from the sampling site. The recording equipment

can usually run continuously, and requires only intermittent attention
to adjust the scales, change the paper from time to time, and record the
cruise track and other items of interest on the printout.
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PART III: TESTING MARINE SOILS

T0. This part of the report presents the state-of-the-art of test-

ing of marine soils. Both laboratory and in situ testing are discussed,
and the presentation is generally limited to engineering tests. Tests
are performed to obtain quantitative values which hopefully will be in-
dicative of the condition of the in situ soil. The objectives of tests
on marine soils are identical with those of tests on terrestrial soils,
viz., (a) meaningful classification of the soil being tested, (b) evalu-
ation of the consolidation characteristics of the soil, and (c) deter-

mination of the shear strength of the soil.

Labciatory Testing

T1. A detailed discussion of laboratory soil tests is covered in
soil mechanies literature and is beyond the scope of this report. This
section discusses special considerations which are being given or should
he given to testing marine sediments. ‘The usefulness of numerical val-
ues from any test depends on how representative the test conditions were
of the in situ conditions. Changes in the soil sample from the time of
its removal from the sea floor to the time it is tested can signifi-
cantly affect test results.

T2. The removal of marine soil from its natural sea floor envi-
ronment of generally cold temperatures and high hydrostatic pressures
to laboratory conditions of room temperature and atmospheric pressure
causes (a) an expansion of existing free gases, (b) the release of dis-
solved gases out of solution, and (c) the increased generation of gases
by some biota that find the changes individually favorable. The in-
creased volume of gas in the soil sample results in (a) a change in soil
structure, (b) a decrease in the degree of saturation, and (c) a de-
crease in density. These changes influence (a) stress-strain, (b) shear
strength, and (c) consolidation characteristics of the soil sample. The
expansion pressures of gases in soil have been sufficient to cause the

explosion of soil samples stecred in plastic liners.
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73. Many cohesive marine soils have thixotropic and sensitive
characteristics, and many cohesionless soiis; have low density and
loosely packed structures. Test specimens of these soilis can be easily
disturbed during trimming and other preparation processes. The trans-
portation of soil samples from sea floor to the testing apparsatus and
the many rehandlings along the way provide other opportunities for sam-
ple disturbance.

T4. Interstitial water in sea sediments generally have a salinity
of 35 parts per thousand (ppt), and the reduction of salinity by the use
of distilled water in tests may affect the liquid limit, plastic limit,
shear strength, consolidation characteristics, and sensitivity of marine
soils.

Gradation

75. Oceanographers in general have followed different procedures
from those used by engineers in determining gradation and have used dif-
ferent grain-size scales for classification. This is particularly true
in the grain-size analysis of fine-grained soils. Hydrometer analysis
is the common tool of the engineer, but geonlogical oceanographers have
used the pipette technique.80 Engineers use about 50 grams of fine~
grained soil for the hydrometer analysis, but oceanographers use only
about 25 grams of soil for analyses of both coarse- and fine-grained
soils. Both disciplines use sieve analysis for grading the sand-size
particles, but sometimes oceanographers also employ the rapid sediment
analyzer (RSA). Fig. 2L shows the RSA facility at the U. S. Coastal En-
gineering Research Center (CERC). This unit has been adapted for direct
punching of computer data cards as the sediment falls through the meter-
ing column. The RSA at CERC analyzes an 8- to0 10-gram sample.sg

76. Presentation of results also differs for the two disciplines.
The soils engineer refers to percent passing a certain sieve size or
precent finer than a given grain diameter. The oceanographer refers to
various phi sizes, the median phi size, and uses a statistical approach
to describe the gradation curve, i.e., phi skewness, phi kurtosis, phi
deviation, etec. ‘Krumbein defined a phi unit as the negative logarithm

to the base two of the particle diameter in millimeters:
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the Unified Soil Claessification System (USCS). Table 8 lists in de-

tail various USCS soll pgroups and their identifying characteristies.

Plasticity

TT7. Abtterberg limits for marine and on-shore s$cils are determined
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by the ctame procedures. The pla-tic limit {PL) and liquid limit (LL) of
a so0il identify the specific USCS so0il gzroup to vhich a fine-grained
so0il belongs. Tsbles 8 and 9 delineate the various soil groups accord-
ing to their PL and L. values. Reference 82 gives a full description of
the use of the tables. The effect of using distilled vater in such de-
termin:tions on marine soils may be vorth further investigation. Some
investigations of the effect of leaching on the liquid limit have showm
that the liquid li=mit remains unaffected by changes in the salinity of
the interstitial vater until the salinity fzlls below 15 pot, after
vhich the liquid limit decreases at an increacing rate vith ecreasing
salinity. The plastic limit vas found to be unaffected by variations in
salinity. Because of the effect on liquid limit values, both the Xi-
quidity index and activity values are affected by the reduction of szlin-
i.‘t-y.83°85 Mixing distilied wvater vith 2 marine soil does not cause
lezhing action but does reduce the salinity of the pore water.

Specific gravity, water
content, and unit weights

78. Determinations of the specific gravity of soiids, water -on-
tent, and unit weight are generally made ir the conventicnzl manner used
by soils engineers. Corrections for the salt content of the pore water
are not usually made. Thus, the dry weight includes both tne weight of
the so0il solids and that of the salts normally in solution in the pore
Water. Ffor this reason, the water content of the soil may be a little
lower and the specific gravity of solids and the dry unit weight may be
a2 little higher than if corrections for salinity had been made. For
example, uncorrected results of tests on 2 marine soil having a true
specific gravity of solids of 2.70, a dry density of 60 pcf, and a
water content of 68.5 percent would show values of 2.T1, 61.k pef, and
6L.T percent, respectively, indicating that the differences are of no
practical significance.

Consolidation

79. Consolidation tests on marine sediments can be performed in
the conventional manner. However, consideration should be given to the

use of back pressure to dissolve the gases which came out of solution
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due to the change in asbient pressure that occurred vhen the sample wvas
transferred from the sea bottam to the sex surface. In this case, a
ciosed-system consolidation apperstus is mreded. The use of sxit water
obtained from the smmple direa or prepired in thé laboratory would mini-
mize changes in salinity of the pore vater, vhich othervise might affect
the consolidation results.
Shear strengtia

80. The lsbcratory vane shear test is a common means for determin-
ing the shear strength of marine soils. This test provides a convenient
and quick way of testing s0il samples vhile they are still in their
liners or sanpling tubes. It iz important that the vane dinensions be
sufficiently sxaller than the inside dizmeter of the liner or tube to

reduce sidevsll effects.

31. iiix-omka33 of tne lizsval Civil Engineering Laboratory (¥CZL)

applied a stepwise regression snalysis to laboratory test datz and de-
veloped linear equations relsting (a) vane shesr strength to éf:;_rtb below
surface, liguid limit, and median grain dizcter, and (b) bulk wet den-
sity to vane shesr strength and sensitivity (Sil). The lsboratory dzta
wvere derived from tests perfermed on eight sediment cores taken in water
depths of from 2300 to 2500 ft near San Higuel Isiznd, Califomia, with
NCEL's gravity-type Ewing corer (sea table %). The soils wers sands,
clayey sands, and silty sends. (With these soil types the validity of
the use of LL and Sil becomes suspect.)

62. 1In performing vane tests, HCZL szmple cores are sectioned
into 3-in.-long intervals by cutting the plastic liner with the aid of
2 vire loop attached to a soldering gun. The loop essentially melts the
circuaference of the liner. A thin-wire saw slices the soil and com-
pletes the sectioning.86 This eliminates the possibility of sample dis-
turbance which might be caused by abrasive sawing of the rlastic liner
or attempting to extrude the soil froa the liner. The vane shear tes.t
is then performed on these 3-in.-long sections. Instead of rotating the
vane, vhich is the conventional method of performing vane shear tests,
the NCEL vane shear machine (fig. 25) rotates the soil sample by rotat-
ing the pedestal upon which the 3-in. section of the core has been
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above exist for the vime shear testing of S0ft marine Sedimenis.
BcClelisnd Enginters perfonis misiaturé viae téests or wmcimfined conpres—
sion tests on samples immediately after the thin-willed swmpling Lube
kas been sepirated from the wire-line sampler, i-¢., e tests are per—
formed on the vessel or platfomnm xc zoon &z the 30il zamples are Srowght
to thié swrface and before they are seilsd for zhicment Lo t8% land
Iaboratory.

dien

Rl g

8. Some characteristics ¢F the Jaburailcry vime sdear Lozt are
inportint Lo consider in testing fine-graizned marine 35ilz. I is prob-
ably the simpllest shear strengly test Lo perfom, simce it regmines a
nizimu of epuignent dad 2 minimvaey aovowat of kaniling of the soil, thws
decreasing Lve extént of samglle disturbarve. For very woft 20ils, it
Yy v the caly way of cbisining x mexsmre of shear strength. Essge-
tiadiy, it determines Lhe xwerage shear streagth om = vestical cylis- i
érical surfsce dbecause itz operation imtrimsically foress this kimd of
failure. This may be sppropriate for Roungineous soils, Hur nuay =gil
deposits sre stratifisd with anisgtropic shosr preseriies. The vane i
shear test essentially provides an wnesnsolidsfed-undraioed, or cnick, 4
shesr strenginh. Whes this is comensurate @itk sciusl] conditioms and i
pigh-quslity undisturded surples sre tested, the vase shear strength mey
give 2 good indication of the in sitw stre:ngth.s? Toe strength value ' 1
ootained is related to the rate ab which the vane is rofpted. 2 rate of
C.1 deg/sec, prescrived by esrlier users of the vans devics, is stilld
ainerad to by many investigatars.u’ﬁ’as’eg Others khave kept within
the same order of magnitude, e.g., 0.5, 0.37, =nd 0.25 deglsec.él’gn’gl

86. The next most comeonly used test on fing-grained merine soils
is the unconfined compression test. This test involves the applicztion
of an axial compression force to 2 soil cylinder which is unsupporteé { i
laterally. Therefore, the soil must have sufficient intrinsic cohesion -
to support ils own weight when it is extrudeé frem the sample tube and 3
when the specimen ends are being trimmed to it properly between the
platens of the test machine. Like the vane shear test, this is an
unconsolidated-undrained test and is appropriate when this test condi-

tion corresponds to the loading condition in the field. It has been a
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commom practice of résearchers im the field of marine s0ils to compere
resalts =f both laboratory asd in situ vame tests with resuits of wwcon-
fimed compression tests. Ia mamy cases, cloze agreemert is dtuised,
but becamse of sample distewrbamce or variations im soil type between cor-
responding ssaples wsed in the two tests, large discrepamcies cam occur.

87. Triaxial asd direct shear tests have also beesi used to deter-
mine thé shear streagth of marine soiics. These offer an sdvintage ower
laboritory vane shear and wiconfined compression tests because lsbora-
tory test comditions can be adjusted to approach in sita comditicss
through coatrol of the confining pressure and drainage during testing.
The direct shear test, whick is w.od to detemine shear strength of
soils under drained conditions, bhas the zane drasback as the vine test
in forcing 2 failure along a predetemined plane. Triaxial snd direct
shear tests are more expensive to conduct than the vane sheas or umcon-
fined compression tests, and are justified only when high-quality un-
disturbed s0il samples are availsbis. Because of this, along with the
relative ease and speed with whick: wane siear tests znd unconfined cos-
pressioa tests can be performed, {riaxial snd direct shear tests have
been infreguently ccnducted on merine soil sanplis from deep witers.

83. In some triaxial tests, distiiled water is used in applying
back pressure to the specinen to obtain 100 percent satwuraticn of the
soil by forcing into solution gases that are trapped within the soil.

To avoid leaching, it may bz preferable to use sz2lt water taken froz: the
vicinity of the sample lccation or prepared in the laboratory. Many re-
searchers have noted the effects of leaching on the shear strength and

sensitivity of clays .83’81'

89. Another problem which can occur is leakage of ckamber water
into the soil sample due to the osmotic flow of water through the test
membrane. Suchk flow would make it impossible to perform any long-

8,92 The pore pressure

duration tests at a constant water content.h
would be affected in direct relation to the osmotic pressure. The use
of salt water of the same salinity as the interstitial water in the soil

sample in the triaxial chamber would eliminate both of these effects.
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Other liboratory tests

90. Three additioadl laboratory tests have provem usefal: (a)
s-ray diffraction, (b) gaems-ray densitometer, snd (c) x-radiography.
The diffrasction test is used to iGentify the mintral composition of the
sedintnt, and geoerally involves pulwerizing 2 ssmll sample of soil.

The othtr two are aosdestructive tests and can be performed on a smmple
that iz still enclosed in its liner. The gmme-ray densitometer mea-
sures the density of the soil sample. One gamm-ray dessitometer system
uses cesium 137 as its radiocactive scurce and the transmission mettod of
measuring gamem ray density at the detector (figs. 26 amd 27)-93’9‘

The sketch in fig. 27 shows that the core sits on & cradle between the
source snd detector. 7The gammm ryys are transmitted through the core
and 2xcite the detector. The detector is wired to am electromic cir-
cuitry vhich permits the output to be recorded on a strip chart.

91. The x-radiography tecimique takes x-ray pictures of the full
section of the sample witile it is still in the core tube. This perxits
the detection of any disturbed portiors or weak zones of the sample,
e.g., cracking, large voids, intrusions, and edge bending along the
length of the sample, giving the engineer guidance in selecting speci-
nens for shear strength, consistency, and/or other tests. (Core short-
ening can cause a definite change in density, but x-radicgraphy will not
necessarily pick this up.)

Sussary

92. The significant factors to consider in laboratory testing of
marine soils are the changes to which the samples have been subjeéted
prior to testing. 1In performing any tests, consideration should be
given *o the maintenance of the salinity of the interstitial wvaters and
to the duplication of in situ pressure and temperature. Current state-
of-the-art takes a qualitative look at influences on test results due to
changes of ambient conditions. Attempts to obtain quantitative values
for the effects of changes from in situ to laboratory ambient conditions
have not been totally fruitful. This is due in part to the current in-
ability to successfully duplicate in situ environments in the laboratory.

In addition, techniques for field determination of in situ properties
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(From Isotopes and Radiation Technology,
Vol 6, No. 4, Summer 1969)
Fig. 28. Backscatter single-
barrel y-ray density probe
(from reference 96)

for comparison purposes liave not been

perfected.

In Situ Testing

93. In situ testing involves
the placement of a testing device on
the sea floor, applying known test con-
ditions, detecting the response of the
soil, and recording both the test con-
ditions and the soil response. The in-
tent of in situ testing is to assess
the propertii.s of soils in their nat-
ural environment. By so doing, the
oroblems of sample disturbance associ-
ated with sampling and laboratory test-
ing are bypassed. Results of in situ
tests are also used for correlation
with results from laboratory tests.
The correlations obtained provide the
engineer with a better understanding
of the relationship of laboratory test
results to the field conditions.

Test device systems

9L, A variety of systems is
used to house the test instruments.
Some instruments, e.g., accelerometers,
are attached to corers. For those
tests requiring only a quick penetra-
tion into and withdrawal from the sea
floor, a probe-type system tethered to

a surface vessel and operated in a

manner similar to that used in sampling is sufficient. The backscatter

gamma-ray density, electrical resistivity, and pore pressure probes use

such systems (figs. 28 and 29).

61,95-97

For those tests requiring
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Fig. 29. Piezometer equipment
designed to measure differen-
tial pore pressures. The
instrumentation is housed in
the tip of the probe. About
0.5 ton of lead weights is
located above the piezometer
(from reference 61)

(Courtesy of Norwegian Geotechnical
Institute, Oslo, Norway)

observations of reactions to applied forces or sustained loadings, sys-
tems that can rest on the bottom facilitate the testing. These include
the bottom-rest systems of Richards and Nacci which were discussed in
peragraphs 43 and 4k4. Richards' system is capable of performing either
vane shear tests or density tests by the gamma-ray transmission method
(fig. 30) at desired vertical increments to a depth of 9 ft. This sys-
tem is currently being modified to make tests down to 15 ft below the
bottom. As noted earlier, these tests cannot be performed concurrently;
the system must be raised and the test devices interchanged.

95. Nacci's system has acoustical probes for measuring in situ
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8 sound veloeities, and the probes
aré incrsmentully driven into the
o sea floor to a depth of 5 ft.

Simultaneously, thernistors can be

R
AL L QT

driven into the soil to cobtain tem-
perature readings at depth., Ex-
panded capsbiiities for the system
will provide 30-ft penetrations
and will incorporazte systeus to
measure electroresistivity, shear
wave characteristics, gamaz-ray
density, and soil shear strength.62
96. ‘The U. S, liaval Ciwil
Engineering Leboratory (JICEL) has
a numoer of different in situ sys-
*eds.ga Cne of HCEL's earlier
items w&s 2n in situ plate-bearing
device for studying short-tem
behavior ef foundztion-type foot-

31).99,100 5o

ings (fig. as a

fCourtesy of Norwegian Geoteclmical
Institute, Oslo. Norway)

tripodal arrangement witn large

Fig. 3. Gama-ray transmission .

equizoeat. ;}e double—-pronged prove o2aring pads on the ends of the
ez

contains a ~2' C3 source in ore part 1eps for support. The framework

&nd & seinvillation detector in the . .

oineyr gart. Tne equiprent on the supports a movable weight whose

31“"0"3 agove tqe prope inc luues'a movement is controlled by three
storage battery (provocted ogoinst o ]
hpdrostatic pressure), 2 DC to AC closed-circuit, pressure-equalized
inverter, 2 "clay-switching cemmand hydraulic cylinders.

zotule, and 2 container of elec- . .

tronic eguipment (from reference 61) 9T. HCEL also has the Deep

Ocean Test Instrument Placement

.ad Osservation System (DOTIFOS) (fig. 32) designed for 2 6000-f% water
denth. This systenm has glready successfully completed intermediate

aroof tests at 1200-{t depths. This is a highly sophisticated multipur-
ose systen which contains a closed-circuit television, a2 movie camera,

and underwater lighting. Ten kilowatts of electrical power are
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{Courtesy of U, 8, Naval Civil Encincering Command.
Port Hueneme, Californic)

lICEL in situ plate-bearing device (from reference 99)
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available at the platform to drive accessories, ¢.g., a vare shear

device, a static cone penetrometer, or a sediment corer. Depth of pene-

tration achievable is 10 ft.%°

98. The DOTIPOS is also used for deploving other instrument pack-
ages on the sea floor. One such package is the Long-Term Occan Bottom
Settlement Test for Engineering Research (LOBSTER) (fig. 33) which is a
k-ft-diam footing used to study long-Lterm behavior of footing-iype foun-
dations. It is designed for deployment down to deptis of 6C00 it for
durations of up to 400 days. The LOBSTER applies a stress of 100 psi
to the sea floor. Proof tests in shallow water (depths to 120 ft) have

teen successful. The LOBSTER obtains data regularly on both total and
differential settlement.

PINGER/TRANSPONDER

ATITUDE SENSOR
DIGITAL TAPE RECORDERS

SURFACE ACTUATED
RADIO SEACON

DATA ACOUSTIC COMMAND
CONDITIONING RECEIVER
EQUIPMENT
Y2~ XENON FLASHER
SETTLEMENT
SENSOR RELEASE COMMAND
DECODER
RELEASE TIMER
RECOVERY

FLOATATION COLLAR

—
.2 T ISOLATING TUBE AND
s ___— REFERENCE PROBE
o0

o

(From Occan Industry, Vol 5, No. 5. May 1970

Fig. 33. LOBSTER designed to study long-term footing foundation
behavior at shallow-water or deep ocean and undersea construction
sites (from reference 98)
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99. It should te noted here that HCEL's efforts ar2 directed to-
vard schieving operational capabilities xt a 6000-ft water depth. FProof
testing of all eguipment is conducted at various staging depths from
shallov vater to increasingly deeper waters.

100. Systems other than those described herein can also be used
for obtaining in situ information on marine sediments. The U. S. fiaval
Undersea Research and Divelcpment Center has successfully measured acous—
tical properties of sea floor surface materigis with the aid of the West-
inghouse Deepstzr L000 submersible, using instrument packages mounted on
a frame protruding from its bow ¢nd (fig. 34). Bottom crawlers ané ro-
bot systems zve other suggested possibilities.101 Testing {rom the sez
surface with a Tixed or
anchored base is &iso
used.lo2
means of oil company jack-
uz or fixed platforms when
they are convenientiy on
location.sh In shallow
watars, divers maey be usaed
to perform some of the in
situ testing.

10i. Data

couisi-

e

tion, transmission, re-
cording, storage, etc.,
components of in situ

testing systems are either

completely aboard the sur-
(Courtesy of Naval Undersca Rescarch and Development o <
Center, San Dicgo, California) face vessels, entirely

Fig. 34. The research submersible DEEPSTAR contained in the bottom

on the afterdeck of R/V SEARCHTIDE during structure, or combinations
preparations for a dive. The cpmpressional of these. Power sources
velocity-attenuation probes are attached to '

a "brow" on the front end of the vehicle. (motors and batteries)

At the lower center of the figure, a clear,
plastic-tube corer is in the retracted posi-
tion (from reference 17) compensated, e.g., motors

are generally pressure-
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are immersed in o0il in housings with a Plexiglas or other flexible
closure that permits equalization of internual pressures vith external
ambient pressures. Any electronic circuitry at the bottom is usually
pressure-protected, e.g., relay systems are placed in housings designed
sufficiently strong and tight to withstand external pressures at design
depths.

1G2. Direct transmission of all data acgquisition to the command
vessel has the advantage that the test can be monitored vhile in prog-
ress and remedial action taken as needed. Richards and Hacci's systems
use this mode of transmission. The diszdvantage is that electrical
cable from the vessel to the Yottom is needed. Accuwrulation of data at
the bottom may be accomplished by a variety of storage systems (e.g.,
magnetic tape), and has the advantage that no connection to the vessel
is necessary except the tether line needed for lowering and raising the
instrument package. Even this can be eliminated for long-term tests.
For example, the LOBSTER is completely self-sufficient, data being re-
corded on magnetic tape at the rate of once every 5 sec to seven times
per hour, with a data storage capacity of 400 days on the sea floor. A
disadvantage of the totally independent system is that malfunctions may
not be detected until the instrument package has been retrieved. Start
and stop commands can be initiated by transmission via a cable, by re-
mote control, by a timer setup, or by contact switches.

103. Direct data transmissions to the command vessel can ve
stored on magnetic tape for later detailed review and concurrently dis-
played on continuous-strip charts, X-Y recorders, oscillographs, and
other observational aids. Alternatively, to cut down on the number of
receiving channels on the vessel, storage can be accomplished on the
bottom platform, while just sufficient channels to the vessel are oper-
ated to permit monitoring of the bottom activities.

10%. 1In conclusion, all modes of data acquisition are used. The
choice of combinations depends on duration time of the instrument's stay
on the bottom, depth of water and line lengths, subsequent use of accum-

ulated data, and economics of the system.
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Plate bearing
105. The plate-bearing test is used to determine empirically the

bearing capacity of a soil as related to size and shape of the bearing
surface and the loads applied to the bearing plate. Oa-shore procedures
are generally load-control tests in wvhich increments of load are added
after deformations under previous increments have occurred. Kretschmer
and I.eeloo considered it easier in a sea floor operation to preset the
settlement rate and record the loading necessary to cause this settle-
ment rate than to preset the load and record the settlement. The

HCEL plate-bearing system cperates in this manner. Fig. 35a shows a
schenatic of the NCEL system. The vertical movemernt of the weight
holder and, therefore, the movement of the bearing plate are controlled
by the flow of hydraulic fluid in the three hydraulic cylinders that
support the weight holder. A schematic of the control system for one of
the cylinders is shown in fig. 35b. On the downstroke of the piston,
fluid flows from the underside to the topside of the piston through a
micrometer-head needle valve and a diaphragmed fluid reservoir. The
neecéle valve is préset at the surface for a particular flow rate, and
thus controls the settlement rate of the weight holder and the bearing
plate. The diaphragmed fluid reservoir, a pressure-compensating housing
with a flexible membrane wall, compensates for and nullifies the effect
of the large external pressures. On the upstroke of the piston to with-
draw the bearing plate from the soil after each test, the fluid flows
from the topside to the underside of the piston through the diaphragmed
reservoir and the bypass check valve. The settlement potentiometer re-
cords the actual settlement, and the load transducer records the actual
load required to push the bearing plate into the sea floor at the preset
settlement rate. Load and settlement of the bearing plate and the ver-
tical orientation of the device are transmitted acoustically to a hy-
drophone on the support ship. Plates ranging in size up to 1.5 ft in
diameter can be loaded up to 6000 1b.

Field vane shear

106. The discussion of laboratory vane shear testing in para-

graph 85 is pertinent to in situ vane shear testing. A characteristic
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b. DETAIL A - DISPLACEMENT CONTROL SYSTEM

{Courtesy of American Society of Civil Engincers]

Fig. 35. NCEL plate-bearing and displacement control systeéms
(from reference 100)
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problem of field vane tests is accounting for the rod resistance during
a test. Torque is generally messured at the top of the rod and thus
includes soil resistance to rotation of the rod as vell as that of thc
vane. This becomes more significant as the length of rod iucresses.m2
To minimize this, Richards®' system allows an initial 50-deg rotation of
the vane rod, independently of the vane, to permit calivration of rod
resistance and eliminate it from the shear strength calculation.61 Care
must be taken to ensure that the soil in the test zone is not disturbed
during the advance of the vine shear device.

Dutch friction ccne penetrometer

7 ﬁhw

107. The Dutch friction cone penetrometer (fig. 36) is not often
used in the U. S. but is in Europe. McClelland Engineers personnel

Continye inngr
Push ouler red M'—:n‘ of puskt
% E —“‘M?
-
! - ]
&
|
z il
2
3
z

capacity +riction

a. Positions of penetrom- b. Action of the friction
eter: (a) coné and fric- cone (from reference 10L4)

tion sleeve retracted; (b)
cone in extended position;
(c) cone and friction
sleeve both advanced (from
reference 103)

{Courtesy of American Society of Civil Engineers)

Fig. 36. Dutch friction cone penetrometer
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have indicated that they were impressed vith its per-
formance in the North Sea area. The cone penetrometer
has been used on shore in the Netherlands for approxi-
mately 30 years and appears to be well-suited for pile
foundation investigations.los +106 The Dutch device
measures the load required to push (at a predetermined
penetration rate) (a) a cone-tipped probe into the soil,
and (b) the cone plus a cylindrical sleeve. The load
using the cone and sleeve is indicative of end bearing
and skin friction. The difference in the two values is
a measure of the frictional resistance of the soil.

108. WES has developed a cone penetrometer for de-

termining the trafficability characteristics of surface
soils (fig. 37). The WES cone penetrometer measures
only the force required to push a cone-shaped probe into

the soilj no friction sieeve is involved, but the shaft

is smaller in diameter than the top of the cone to re~
duce the effects of friction during the test. In a WES
study of sea floor trafficability ,101 Wiendieck con-
cluded that the WES penetrometer would need to be modi-
fied for marine tests because of the very low strength
of many sea floor soils. He further concluded that
aerc ic a need for a free-falling or driven instru-

mented sea floor-probing device (penetrometer) for the

rational evaluation of large séa floor regions.

Accelerometer .
Fig. 37.
i02. Accelerometers for measuring acceleration or Standard
deceleration of an object falling through the water and WES hand-
operated
then penetrating into the sea floor have been used ex- cone pene-
107,108 trometer

perimentally on the ocean floor. The accelerom-
,5 eter might be attached to a sampling device or othér penetration device.
‘3 When used with a corer, the record obtained could alsé indicate whether
i the corer has malfunctioned. Yor example, the record could indicate if

the corer entered at an angle and only partially penetrated the sea
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floor. By successive integration of the acceleration-time curve, a
shear resistance versus depth curve can be plotted and evaluated. Con-~
sideration must be given to (a) the effect of cable motions due to
stretching caused by the weight of the corer. (b) cable oscillation upon
release of the corer for free-fall, and (c) proper inclusion of items a
and b in force-displacement equations. The accelerometer appears to be
potentially useful with any free-fall sampling arrangement. The infor-
mation derived from the accelerometer may give a measure of the in situ
strength of the soil.

Devices for determin-
ing porosity and density

110. The ability of a soil to reflect or transmit gamma rays,
electric currents, or acoustic waves depends in part on the density of
the soil. Related properties of porosity and void ratio have been cor-
related vith gamma-ray and acoustic wave reflections or transmissions.
Gamma-ray detection can be accomplished either by the backscatter (re-

109 The backscatter systrm counts the

flection} or transmission method.
intensity of rebounding radioactivity as sensed by a detector on the

same plane as the source at 90 deg from the source beam. The direct

transmission system counts the intensity of radiocactivity a set distance
directly in front of and in line with the source beam from the radiocac-
tive source. The single probe units of the Coastal Engineering Research
Center (formerly Beach Erosion Board) and the oné shown in fig. 28 oper-

96,100 The transmission unit uses dual

ate on the backscatter principle.
probes, oné source and one detector (see fig. 30).

111. The in situ measurement of velocity of propagation of sound,
either compressional or shear wave, is accomplished with multiprobe ar-
rangements. Fig. 18 shows the DOSP with the sound source and three de-
tectors. The separations between source and detectors are 4 ft on the
sides and 6 ft on the diagonal.

112. The U. S. Naval Undersea Research and Development Center has

used a three-probe (one sound source probe and two hydrophone probes)

acoustical device attached to the front of the submersible Deepstar L4000.

A schematic of the componénts involved is shown in fig. 38. The threée
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{Courtesy of Naval Undersea Research and Development Center, San Diego, California)

Fig. 38. Components in the compressional velocity-attenuation
probe equipment, and placement of probes in the sea floor by
DEEPSTAR (from reference 17) |

probes attached to a rigid frame, are spaced 1 m apart, and can pene-
trate to a depth of 1 m. Core tubes can be attached to both ends of 5
the rigid frame to permit simultaneous soil sampling and acousti-

cal velocity attenuation tests. The block diagrams in fig. 38 repre-

i

f; sent the electronic components required for the firing of the sound

’ source and the amplification and recording of the sound transmitted
through the soil and detected by the hydrophones. This system can
measure sound attenuation of three different frequencies (3.5, 7, and
1% kHz) without removing the probes from the sea floor to change fre-
quencies of the source, thus ensuring that all méasurements were made

17 ]

in the same soil.

113. 1In situ tests alone cannot adequately meet the soils

PR i
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engineer's need for knowledge of sea floor characteristics. Some in
3 situ tests are expensive, lack flexibility, and yield results vwhich are
often difficult to ana.lyze.loo A comprehensive exploration program

should include both in situ and laboratory testing. .
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- PART IV: PROPERTIES OF MARINE SOTLS

114. Because of the dearth of soils data on continental shelf soils
and because of the uncertainty as to the validity of data on "undisturbed”

ke o

soils owing to lack of sufficient detail on sampling tools and procedures
and test methods employed, only a broad view of thé characteristics of
continental shelf soils can be presented.

by

Off California Coast

115. While much data on engineering properties of soils undoubtedly
have been obtained in connection with offshore petroleum drilling opera-
tions, they have not been published in the literature, and may not be pub-
licized for some time in the future for proprietary reasons. Consequently,
%’ the only data available are those obtained by the Naval Civil Engineering
;‘ Laboratory and by others in oceanographic studies, and these data pertain

to samples from less than 5 feet below the ocean bed. Table 10 shows the

locations from which samples were taken in various investigations and in-
dicates the types of tests performed. The 50ils sampled were largely

silts. No test values are presented in table 10 for various reasons. In
some cases, reported values for various parameters were inconsistent with

each other; in other cases, the tests performed were inappropriate for the

type of material being tested. In general, there was a lack of details on
which to judge the quality of "undisturbed" samples tested and a lack of

details on the test procedures used.

116. The U. $. Naval Civil Engineering Laboratory performed in situ

i i ok,

plate~bearing tests at sites west of Ventura and Port Hueneme ,
Cavif, 901005111

N

The in situ plate-bearing dévice and its operation are
discussed in paragraphs 96 and 97. The nine bearing plates used included
fivé circular plates of different diameters and four square plates of dif-

ferent sizés; settlement rates ranged from 0.005 to 0.1 in./sec. Test

results indicated that (a) neitheér plate shape (circular or square) nor
settlement rates significantly influenced the bearing pressure-settlement

curves for soils at either site, and (b) a settlement increase occurred

JRECISRRP AT L

with increased plate size under the same pressures at the site west of

Ventura (fig. 39), but plate size had no significant effect on bearing
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Fig. 0. Bearing pressure versus settlsment for var-

ious plate sizes for in situ plate-bearing tests west

of Port Hueneme, Calif., in 1175 ft of water (from
referance 111)

pressure-settlement characteristics at the site west of Port Nueneme

(rig. 40). Kretschmer and Lee suggested that the difference in the influ-
ences of plate size cn bearing pressures at the two sites may be attrib-
uted to the differances in the =oils at the two sites .111 A comparison of
the soil properties for the top 1.5 7t of scil at each site, given in
table 11, indicates that this suggestion is reasonable. The soils from
west of Fort Kueneme have much higher (a) percent of puriicles finer than
sbout . microns, (b) liguid limits, (¢) plasticity inde.c., and (@) wvater
contents than the soils {rox west of Yentura.

Gulf of Hexico

127. Beczuze of oil company actisities in the Gulf of MHexico
cortinental shelf of the U. 5. orer ihe pust two and a 2T éecales,
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more is known about this area than any other U. S. shelf zome. Much of
this knowledge is proprietary and hence unavailable for public release.
In addition, the information released into the literature is often five
or more years old before the owners allow publication of the findings.

118. In the western Gulf of Mexico off Mexico and Texas,
montmorillonite-rich silty clays predominate with median grain diameters
between 2 and & microns (8 and 10 phi).uh Laboratory vane shear
strengths determined on specimens obtained with piston samplers using a
motorized vane shear device operated at a constant rotation of
¢ leg/sec ranged from 0.009 to 0.175 tsf for core depths of O to about
20 it. One strength profile for soils from off the Texas coast showed
shear strengths ranging from 18 to 170 psf, increasing nonuniformly from
the mudline to 18 ft below and indicating the sediments to be very soft.
Using an Anteus back-pressure consolidometer with back pressure equal to
th2 in situ hydrostatic pressure, Bryant, Cernock, and Morelock found
that the sediments on this shelf were generally slightly overconsoli-
dated.n'h
common (unlike overconsolidated terrestrial soils, which usually exhibit
high shear strengths because of much greater magnitude of preconsoli-
dation pressures).

119. Clay is the predominate soil type on the continental shelf

Very low-strength, overconsolidated, marine soils are not un-

off the Louisiana coast due to its predominance in sediment transport

115,116 The mineral composition of these

by the Mississippi River.
clays, in order of decreasing abundance, is montmorillonite, illite,
amd ql.lart;z.]':"7
lie between the liquid limit and plasticity limit except locally in

soee of the clays in the vicinity of the mudline where the natural mois-
51,102,117

Hatural moisture contents of the deposits generally

ture content exceeds the liquid limit. A shear strength pro-
file for an area offshore of and parallel to the Iouisiana Coast is
showm in fig. b1, with lines of egual shear strength. The locaticns of
the 15 holes from which the profile was extrapoiated are shown in the
map of the area in fig. 42. Fig. k3 shows the plasticity chari for the
so0ils froe four of these boreholss and from Fenske's (lat:a,‘m2 ail £o e

fisrussed in more £otail in the Tollowing naragrachs.
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120. In 1955, in situ vane tests were performed 15 miles off the
Louisizna coast in 66 ft of water to a depth of 175 ft below the sea
floor at the location shwwn in fig. 42,102 Undisturbed 3-in. Shelby
tube samples were taken in a boring 9 ft from the vane test site to a
depth of 254 ft below the sea floor to determine soil conditions. A
laboratory vane shear test was performed as soon as each sample was re-
covered before its removal from the sampler. Laboratory shear strengths
were determined on undisturbed and remolded specimens by unconfined com-

pression and consolidated-undrained triaxial testing. Fig. L4 shows the

0 . L
20 water
b
F Moisture Content, Per Cent
OF | | uustineates’ 0 25 50 __75 100 125
: Soft gray clay with imbedded o--- -----\~ ------ .
s shelt and wood fragments. R
ool —=no shell by €9° T N & e +
s —firm by &' - % iexa
" Eq Gray fine sand ’
3 —3"wood at 88.5' H
l00 = ) - 14
P 3 — cloy seam 103" to 107 s K i it
bt L ] - ctay seom ot in” PlasticLimit 1 ¢ _Uiquid Lim:
< 1 i
S 120 | 2l —black and oity 1215 t0 122" =
-~ L s mica.clay & sandstone ot 122° A
3 < Firm groy clay with silt and o
< L sand pochets.
s _
140 s=h=
g 1or
= L .
=2
s =3
s 160 I~ ‘
s [ —stiff by 170" l Seet
>
~ .
“ 180 N ==
200 :_ —stiff dark gray cloy with
L fewer s:lt pcchet at 200
201 B2 Dénse qrnr fine sand with
g ]} some shelt. ,
[ Stiff dark gray cloy with
-L silt partings
240 — with ess silt gwd with
L § shell at 240"

{Courtesy of Amcrican Society
Jor Testing and Matcrials}

-

Fig. blh. Soil conditions at Fenske's deep vane
test site (from reference 102)
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boring log and i.lentification test results. The water content of these §
soils generally decreases with depth and lies between the plastic limit .
and the liquid limit.

122. In situ vane shear tests were performed using a 3-in.-diam
by 6-in.-long (H/D ratio of 2) four-bladed vane rotated at a rate of
0.2 deg/sec. In situ vane test strengths werc compared with strengths
obtained from (a) laboratory vane (0.685-in.-long by 0.760-in.-diam)
tests performed on the Shelby tube samples, (b) unconfined compression
tests, and (c¢) consolidated-undrained triaxial tests in which the con-
fining pressure was equal to the computed effective overburden pressure
at the depth from which éach sample was taken. Tests on both undis-
turbed and remolded material were performed. Fig. 45a shows the test
results. Very shallow soils at this location are indicated to be sub-
stantially stronger than those off the coast of southern California.
Strengths also tend to increase with depth.

122. Fig. 45b compares the maximum field vane results with the
undisturbed consolidated-undrained triaxizl, maximum miniature vane, and
119 strengths

determined using consolidated-undrained triaxial compression tests

undisturbed unconfined test results. According to Taylor,

should approximate in situ strengths more closely than those obtained
using other types of tests. The undisturbed consolidated-undrained tri-

axial test results closely approximated the in situ maximum field vane

test results. Relative strengths (in descending order) obtained using
the various test procedures were (a) those obtained using maximum field
vane (peak) tests, (b) those obtained using undisturbed consolidated-
undrained triaxial compression tests, (¢) those obtained using maximum
laboratory vane (peak) tests, and (d) those obtained using undisturbed
unconfined compression tests.

123. The sensitivity ratio was about 2.5 based on the field vane
test results and slightly less than 2.5 based on the unconfined compres-
sion test results, indicating that the clays at this site are relatively
insensitive.

12k. Unconfined compressive strengths, q, » ranged from about .
0.5 tsf at the muGline to a maximum of about 1.3 tsf at a depth of g
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Fig. 45. Results of Fenske's 1955 deep vane tests off coast
of Louisiana (from reference 102)
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175 ft; thus, the soils vary in consistency from soft at the mudline to
stiff at depth.

125. The eustatic rise and fall of sea level and its association
with the discharge of the Mississippi River durihg the late Quaternary
has controlled the depositional and erosional processes off the coast of
Louisiana. This has affected the engineering properties and produced
recognizable patterns in the sediments which can be used to predict

local foundation conditions.ll7

The effects of geologic processes on
the strength characteristics of sediments are shown in fig. 46.

Fig. U6a is an idealized shear strength-depth relation for a normally
consolidated clay deposit, i.e., one in which the rates of deposition
and consolidation have been sufficiently compatible that the soil at all
depths has fully adjusted to the pressure of the overlying soil, and in
which the deposit has no previous history of having been subjected to
greater overburden or consolidation stresses than currently exist. The
strength at zero depth is cohesion due to molecular interaction between
solid particles at their points of contact; for clays, minimum cohesion
is 0.05 tsf.leo Figs. 46b, c, and d show the effects of wéathering,
erosion, and rapid deposition, respectively, on shear strength of a
clay deposit. The strength-depth relations in figs. U6c and d will, of
course, change with time.

126. The ratio of shear strength (cohesion, c) to effective
overburden pressure, p , (termed c/p ratio) is frequently used to de-
fine the variations of strength of a saturated clay deposit with depth.
Terzaghi has noted that this ratio i: independent of depth for a nor-
mally consolidated clay.120 Both Skempton and Bjerrum have plotted,
for normally consolidated clays, (see fig. 47) the c/p ratio versus
the plasticity index, PI (which in turn reflects the type and quantity

of clay particles in the depos:i.t).ss’e’g’121

Bjerrum fitted a curve to
his data, and Skempton fitted a straight line to his. In a qualitative
sense, points plotted considerably above these lines indicate overcon-

solidated c¢lays, and those plotted considerably below indicate under-

consolidated clays.
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Fig. U6. Typical strength profiles for clay deposits, illus-
trating the effects of geologic processes (from reference 117)
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(Courtesy of The Geological Society of America)

Fig. 47. Rate of change in clay strength with increasing over-

burdén pressure data from Eugené Island area Block 188 boring

compared with compilation by Bjerrum (reference 85) and Skempton
(reference 121) (from references 117 and 121)

127. Figs. 48-51 show four boring logs with their respective
properties which are indicative of the range of conditions encountered
off the coast of Louisiana. Boring locations are shown in fig. k2.

Fig. U3 2lso presents data from thesé four borings. Boring 6 (fig. 48)
was made at a site 4S5 miles offshore in Atchafalaya Bay in 67 ft of
water. The shear strength versus depth plot for soil from the mudline
out to a depth of about 100 ft is indicative of a normally consolidated
soil (see fig. 46a). The average c¢/p ratio and PI equal 0.31 and 53,
respectively; when plotted on a chart of c/p versus PI, the point falls
close to both Skempton's and Bjerrum's curves for normally consolidated
clays (fig. 47). The consistency of the upper clays ranged from very
soft to stiff. The upper clays are inorganic clays of high plasticity
(CH). The soils immediately below the 100-ft level differ from the
upper soils and reflect higher strengths probably due to weathering dur-
ing exposure of this shelf during a lower sea level (see fig. 46b). The

weathered zone is a stiff inorganic silty clay of low plasticity (cL),
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Fig. 49. Engineering date from boring 9 off Louisiana
coast (see figs. U4l and 42) (from reference 117)
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and the soils below this are generally silts and clays of low plasticity,
having interbedded silt and sand layers.

128. FPig. 49 shows data for boring 9, located in 55 ft of water
approximately 8 miles from Grand Isle, La., near the frontal zone of the
abandoned LaFourche-Mississippi delta. This voring shows 15 ft of very
soft undercomsolicated inorganic clay of high plasticity (CH), underlain
by soft to stiff underconsolidated clay of high plasticity (CH). Plot-

ting the c/p ratio of 0.15 and PI of 55 in fig. 47 shows that this de-
sit

8

o

s s still undergoing consolidation and that equilibrium has not yet
been reached.
129. Boring 12 (fig. 50) was drilled near the South Pass frontal

margin of the modern Mississippi bpirdfoot delta in 59 ft of water. The

ta show a deep underconsolidated clay deposit overlying approximately
normally consolidated clay. This is an example of a2 case in whicn the
rate of deposition far exceeds the rate of consolidation of the soil
(see fig. 46d). Inorganic clay of high plasticity (CH) exists for the
full depth of the borenhole. To a depth of about 350 ft below the mud-
line, the CH soil is very soft, with strength generally less than
0.12 ¢sf. Scils in the lower 150 ft of the boring had consistencies
ranging from soft to stiff.

130. Fig. 51 shows the existence of overconsolidated inorganic
clays (CH) in the upper 20 ft of boring 8 (see fig. L6b).
of these clays is soit to medium.

Consistency
Beneath this clay stratum lie about
30 £t of sands and silty sands, which ir turn overlie about 85 ft of
normally consolidated highly plastic c¢lay (CH), having consistencies
ranging from medium to stiff.

131. Tn summary, the U. S. Gulf of Mexico continental shelf con-~
sists of silty clays and clays. Underconsolidated, normally consoli-
dated, and overconsolidated sediments may be encountered along this
shelf. The consistency of the sedimeuts ranges from very soft to stiff,
there being generally an increase of strength with depth. In addition
to references already noted, Noorany and Gizienski present detailed dis-

cussions on the shear strength and consolidation characteristics of

these Gulf of Mexico soils in reference 1.
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Past Coast

132. 1In an eifort to find sand for the replenishment of beaches,
the CE has a continuing sand inventory program. One survey59 under this
progran was performed off the southeastern coast of Florida from Miami
to Palm Beach, latitudes 25°40* H to 26°487 H, in water depths of 15 to
350 £t from 0.1 to 4.5 nautical miles off the coastline. Seism’c re-
fraction survey technicgues and 2 pneumatic vitratory corer were used to
locate and sample potential sand deposits. The shelf south of Boca
Raton, 26°20° H, was found to bte generally rocky with only 2 thin veneer
of sedirments, though relatively thick deposits of sand-size calcareous
skeletal fragments were found in troughs on the shelf surface generally
paralleling the coast. Horth of Boca Raton, a deposit of homogeneous,
fine to medium, gray sand overlying the shelf contained 60 percent
guartz and 4O percent calcareous skeletal remeins. The suitability of
the sands for beach fill is apparently aquestionable because of the de-
gradable nature of the calcareous sands south of Boca Raton and the
fineness of the sands north of Boca Raton. Grain-size analyses were
performed on representative 8- to i0-gram samples using 2 rapid sediment
analyzer (see fig. 24). Some 31 core samples were taken, varying in
length from 1 to 11 ft. The average size distributions of the sand
south and north of Boca Raton are shown in fig: 52.

133. Information was obtained from the U. S. Coast Guard pertain-
ing to foundation investigations by McClelland Engineers for five off-
shore light structures alcong the east coast located as follows:

a. Frying Pan Shoals, 30 miles southeast of Cape Fear, N. C.
b. Diamond Shoal, 23 miles southeast of Cape Hatteras, W. C.

c. Entrance of Chesapeake Bay, 1k miles east of Cape
Henry, Va.

d. Scotland Light Structure, entrance to south channel in
New York Harbor, T miles east of Sandy Hook, N. J.

e. Ambrose Light Station, entrance to Ambrose channel in
Hew York Harbor, 7 miles east of Sandy Hook, H. J.

134. A skid-mounted rotary drill rig placed aboard a self-
propelled diesel-powered vessel was used at all sites. The drilling

procedure used b-in.-diam casing suspended from the drill deck level and
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near Boca Raton.

tent (from reference 59).

penetrating a short distance into the sea floor.

to stabilize the drill hole below the casing.

89

Hote the difference in grain size and
the concomittant difference in carbonate (shell) con-

E UNIFIED SOIL CLASSIFICATION SCALE
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i Fig. 52. Average size distribution of shelf sediments
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Drilling mud was used
At Frying Pan Shoals,
conventional rotary drilling procedures advanced a 3-in.-0D, double-
tube, rock core barrel into limestone deposits, and a 140-1b hammer with
a 30-in. drop drove the 2-in.-OD standard split-suoon sampler into soil
to provide standard penetration values and obtain soil samples.

the Diamond Shoal and the Chesapeake Bay Entrance sites, a 140-1b hammer
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with & 30-in. drop drove 3-in.-diam Shelby tubes to obtain soil samples.
At both the Scotland Light and Ambrose Light sites, sauiples of cohesive
soil were obtained bty hydraulically pushing 3-in.-diam Shelby tubes into
the soil. Samples of conesionless soil were obtained by driving either
3-in.-diam Shelby tubes or standard 2-in.-0D, split-spoon samplers into
the soil with the 140-1b harmer and 30-in. drop. At the Ambrose site, a
680-1b hammer wzas required at times to obtain significant semple pene-
tration, and a double-tube rock core barrel was used to sample shale.

135. Two voring logs for the Frying Pan Shoal site are shown in
fig. 53. The water depth is L6 ft at this site. Cther than a 9-ft cap
and 2 3-ft intermediate vein of limestone, the foundation soils gener-
ally consist of tan to gray, fine 4o medium sands (SP to SW) to depths
of 72 to T8 £t. An unconiined compression (UC) test on a core from the
limestone cap indicated a shear strength (S) of 20 tsf. Four
unconsolidated-undrained, multiple-stage triaxial tests (termed Q-Ren
(11S)) on remolded specimens of the sands indicated angles of internal
friction, @ , ranging from 37.5 to k1 deg. A UC test on @ split-spoon
sample from the top of the clay stratum at 2 depth of T4 ft indicated an
S of 0.65 tsf. Two consolidated-undrained trisxial tests (termed CU-Rem
tests) performed on remolded clays below 1l ft indicated shear
strengths of 1.2 and 0.9 tsf under confining pressures of 30 psi.

136. At the Diamond Shoal site in a water depth of 53 ft, the
subbottom was comprised of medium and fine sands (SP and SP-Si) to a
depth of avbout 69 ft below the surface (see fig. Sh for the logs of
vorings 1 and 2). Blow counts indicated medium to dense sands to 20 ft
and very dense sands to 69 ft. Silty fine sands (SP-SM and SH) were
found to extend below this depth to 167 ft in boring 1. Fcur Q-Rem (MS)
tests on the sands indicated @ values ranging from 37.5 to 38.5 deg.

137. Sands (SP and SP-SM), and <lays (CL and CH) underlie the
Chesapeake Bay entrance site under 38 ft of water (see fig. 55 for logs
of the two borings). Four Q-Rem (MS) tests on sands from 10- to 60-ft
depths indicated ¢ values from 39 to 40 deg. Shear strengths in six
UC tests on clays from 63 to 110 ft below the sea floor ranged from
0.24 to 1.16 tsf, indicating that thesc are soft tc very stiff clays.
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Five UC tests on clay strata from depths of 118 to 181 ft in boring 1
indicated shear strength values ranging from 0.0 to 1.5 tsf, indicating
medium to very stiff clays.

138. At the Scotland Light Structure site, the water depii was
about 50 ft. Soils were principally sands, sands and gravel, and pea
gravel (see fig. 56 for logs of the two borings). One UC test on a
silty clay with a water content of 39 percent at 60 ft below the mudline
in boring 2 indicated a shear strength of 1.1 tsf. Q multistage tri-
axial tests of four sands at depths from 30 to 180 ft indicated angles
of internal friction between 39 and 42.5 deg.

139. The Ambrose Light Station site, in T6 ft of water across the
harbor entrance from the Scotland Light site, was underlain by strata of
sand, clay, sand and gravel, and shale to a depth 253 ft velow the sea .
floor. Logs of the two principal borings are shown in fig. 57. Six UC
tests on specimens of the clay stratum from 20 to 50 £t below the mud-
line indicated shear strengths ranging from 0.1k to 0.37 tsf (i.e., soft
to medium consistency). Three Q triaxial tests on single undisturbed
specimens of clays tested with confining pressures equal to overburden
pressures gave shear strengths ranging from 0.10 to 0.45 tsf (i.e., very
soft to medium consistency). The underlying strata of sand and gravels
were very dense, requiring more than 50 blows/ft with the standard
140-1b hammer for penetration. To facilitate sampling of these very
dense sands below 190 ft, a 680~1b hammer was used. An unconfined com-
pression test on a sample of the shaie reached at the 190-ft depth indi-
cated a shear strength of 2.1 tsf. The lack of microfossils at both the
Scotland and Ambrose Light sites verifies the terrestrial origin of the
soils at these two sites.

1%0. In general, the data above indicate that the soils in the
East Coast continental shelf are coarser grained and stronger than those
in the Gulf of Mexico. This should not be taken as a generalization for
the entire East Coast shelf, because data for only a few borings are
available and because the particular sites investigated were selected
either as potential sand sources or as sites for navigation light struc-

tures, which typically would be located just off a channel area.
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14). There is an apparent lack of sands, gravels, and boulders

along much of the U. S. continental shelf. Ice-rafted boulders and
gravels can, of course, be found along the upper latitude shelf off the
coast of Alaska. Sands, silts, and clays predominate in the shelf zones.
Shells and microfossils are often dispersed within the deposits. The
fine-grained cohesive soils are often very weak, e.g., the surface soils
off the southern California coast and the underconsolidated soils in
some areas off the Louisiana coast. Montmorillonite is the dominant
clay mineral. Somewhat overconsolidated marine clays are often found to
be weak and highly compressible. The continental shelf area off the
Louisiana coast has been the most explored due to the exploltation of
hydrocarbon fuel deposits during the past 25 years.

142. Information on the engineering properties of soils off the
north slope of Alaska and of soils of the corntinental borderland off
southern California (obtained in current exploration for and exploita-
tion of hydrocarbon fuels in these aceas) is still proprietary and prob-

ably will not be available in the literature for several years.
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PART V: MARINE FOUNDATION ENGINEZRING

ik3. Marine foundation engineering involves a variety of corbina-
tioss of foundetions and structures:

a. Anchors are used to restrain the excursions of floating
or submerged (but neuirally or positively buoyant)
structures.

b. Pile-tyne legs resting on or peneirating into the sea
fioor susport nlatforms which are raised above the sea
surface.

c¢. When botton materials are soft, pile-type legs resting
on large mat foundations are sometimes used as an ai-
terpative to legs resting on or penetrating into the
botton.

d. Pootings und raft foundztions can also be used to pro-
vide the necessary support.

2. Cozdinztions of these foundation types are used to meet
the particuiar reguirements of the pertinent structure
and site.

ikk.  Structures mey be temporary or permanent and manned or un-
manneg. A1l of these factors, as well as the investment the owner is
willing to =ake for a foundation study, influence the type of foundation
selected. Cost is often the controlling factor in determining how ex-
tensive the spil investigation will be, since exploration offshore is
far mpre expencive than on-shore exploraiion. Principal topics dis-
cussed in this pari are anchers, viles, mets and footings, dredging, and

undorwater fills.
Anchors

1k5. Anchors are typically used to limit the vertical and lateral
excursion of floating structures and of positively or neutrally buoyant
snomerged structures. Anchors may also be required for small instrument
packages used to monifor various aspects of the water body or the air-
sea interface and for large buoys used for navigational purposes or for
datz collection. On 2 larger scale, the structure requiring anchorage

could ve 2 floating bridge, e.g., the Hood Canal Bridge in Washington,
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or a seadrome. Hood Canal Bridge is not strictly an offshore structure
(it is located in one arm of the Pugast Sound), but the depths of water
and problems of construction encountered durinz its erection are indica-
tive of what may occur offshore. Seadromes, or floating airports, were
conceptualized shortly after World War I. How with the advent of super-
sonic transports, the rising cost cf land, and the surge of interest in
the oceans, proposals for floating airports are again appearing in the

193
literature.‘23 128

With the current state-of-the-art, design and con-
struction costs for a floating airport anchored to the hottom would make
this the most expensive type of offshore airport. However, this may be
the only feasible method of providing an offshore airport at a deepwater
offshore site.l2h,125,129
146. Deadman anchors used in supporting bulkheads, drilled cast-
in-place tieback or tiedown anchors, and mushrocm anchors used to hold

down power transmissiocn lines are typical land anchors.
ences 130-132, pertaining to mushroom anchors embedded in sands, present
results demonstrating the relation of the pullout force to the geometry
of the anchor, depth of burial, and strength and unit weight of the soil.
Deadman anchors are discussed in many other soils texts besides those
referenced. The mushroom anchor has its counterpari in the marine en-
virorment, but the deadman anchor does not have a direct counterpart.

In all mariné anchorage systems, cable length is critical: too short a
cable can cause intermittent submergence of the structure*or pullout of
the anchor, and too long a cable might permit excessive excursion of

the structure and possible kinking and fouling, with subsequent weaken-
ing of the cable between the structure and the anchor.

147. The anchor provides resistance, through soil-anchor inter-
action, to forces transmitted by the cable from the restrained structure.
Some common types are the mass (or dead weight), mushroom, drag (or
fluke), and pile anchors. A customary index used to indicate capahility
of a particular anchor is the holding power to weight-in-air ratio,
HP/Wa . The holding power is the pulling force that an anchor can re-
sist and is a function of (a) depth of embedment, (b) submerged weight
of the anchor, (c) angle that the cable makes with the bottom, (d) the
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angles subtended by the anchor Tluke, the sez {floor, and the anchor
shank for fiuked anchors, and {e) the soil properties at the particular
site. Various anchors have diifferent nolding powers with respect to
vertical or horizontal tractions, depending on the znchor's relationskip
to the soil.

148. A mass anchor can be made up of old car =ctors, welded rails,
concrete, and similar inexpensive masses (fig. 582). Tris type of an-
chor provides a vertical E?/Ha of less than 1 vecause its rolding
power, or resistance, is dependent soleiy on its sudbzerged weight. ior-

izontal resistance is céezpendent on achesion andé frictiion tetween the

P-4

contact of the anchor and the sea fiocr. Somz very soft ané weak merin
soils may fail under the weight of & maessive anchor; this in turn roy
fail the total anchorage system due to excessive tension on ths ceble,
placing the anchored structure in jeopardy. Large mess anchors consist-
ing of concrete boxes filled with tremie concrete and covered witn rip-
rap were used on the Hood Canal floating oridge.

1%9. The mushroom anchor is erbedded usually by “he force of its
own weight; sometires, however, the anchor is jetted to the desirad
deptn (fig. 58b). Its holding rower cepends upon both its mass and the
resistance of tne soil above it. Tor anchors vertically embedded in
sand, 2 horizontal sea floor, and a ratio of depth of erbedment to diam-
eter, h/d , less than 6, the failure surface is circular in plan. In
cross section, it is tangent to the rim of the mushroom and then curves
upward at a decreasing slope until it makes an angle with the surface of
(FS -‘—) deg. The dimensionless form of the pullout force eguation,

developed in model experiments using flat circular plates and air-dry

sand,l30 is:
2
F h
=C, +C, —=
hdzy' 1 2 d2
where
F = pullout force
= depth of embedment of the anchor
d = diameter of the anchor
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BUOY, INSTRUMENT ‘
’;; PACKAGE, ETC. ;

T

1 CABLE (WIRE CR ’ i
SYNTHETIC)

HP/Wo <1

GENERALLY RESISTS VERTICAL
FORCES.

UTILIZES MASS OF ANCHCR ONLY,
RESTS ON BOTTOM.

YOO T

1 E
SEA FLOOR
3 a. MASS ANCHOR (DEAD WEIGHT)
1 SURFACE BUOY PERMITTED TO MOVE 3
1 IN CIRCULAR MOTION WITH WAVES. ;
3
HP/Wq 25 (IF PLACED VERTICALLY) i
SLACK LINE
UTILIZES MASS OF ANCHOR AND
SOIL ABOVE ANCHOR PLUS
SWIVEL SUBMERGED SOIL SHEAR RESISTANCE ON ;
BUOY FAILURE SURFACE, - 3
I GENERALLY RESISTS VERTICAL _
FORCES. :
SEA FLOOR
(45 DE: ’Eq IN SANDS :
W -T
5 :
4

\FA ILURE SURFACE
(F h/d <6)

b. MUSHROOM ANCHOR

"¥

Fig. 58. Mass and mushroom anchors
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Y' = effective unit weight of the ssil

Cl and T

Snternal friction @ =nd relative density)

For an h/d grester than 5, oniy a slight surface heave occurred in the
vicinity of the shank of the anchor during failure, vith the dimension-

less equation becoming:

-

constants (presumably functions of the angle of 3

vhere
b = thickness cof the anchor
03 ard c!' = constants
These equations have besn, to some extent, corfirmed in larger scale
field tests in saad.132
perfcra fairly well in soft mud bottoms, achieving embedzert by sinking
under their syn weight or by jetting. An Ei?lwa of 5 is attainable in

a vertical direction, but, if tane anchor should drag under lcad, it will
138

In the marine environment, mushrooam anchors

provably come out.
150. Drag anchors are typical ship anchors. The shape of the

flukes on these anchors, as well as their relative dimensions, affecis :

their holding capability. Eabedmsnt of fluke or drag amchors is accom— ‘

plished by dragging the anchor along the vottom for a distance of 50 It

or more. Hence, their holding ability is dependent-on hos well the

flukes dig intoc the sea floor. Some of the more common drag anchors are

the Admiralty, Havy stockless, Danforth, and LW? (lightweight type)

anckors {fig. 59). Characteristic of ail fluke anchors is theit ability

to resist horizontal forces and ftheir relative inability to resist ver-

tical forces. For this reason, several skots of heavy chain (a shot is

a 90-ft length of chain) are generzlly used between the anchor shank and

the csble, and the scope (the ratio of the distance from the ship to the

anchor divided by the depth of water) is made as large as possible

(e.g., a ratio of 7) to keep scome chain and itie shank of the anchor

lying on the sea floor. Drag anchors are susceptible to pullout when

torque is transmitted through the cable to the shank. Some typical

102

e e b e o ot ey o e e we = e

okl dia

.
il et L, e

PR T Btena i + o

s St b K e

'
sadends nall,

PO s s s 1o

W
stk ek

e o) i,

|



HIYW, 5
FIXED FLUKE REQUIRES A DEFI-

NITE PENETRATION ANGLE
FOR BEST HP/W,,.

a. STOCK ANCHOR

aan e L i i

LACK oF STOCK AL'LOWS FOR
ROTATION AND “UBSEGQUENT
PULLOUT.

MOVABLE FLUKES

b. NAVY STOCKLESS (STANDARD) ANCHOR

2216 IN SAND
HP/Wa =9 IN MUD

STOCK REDUCES TENDENCY TO
ROTATE OUT.

CROWN FORCES FLUKES TO DIG
INTO BOTTOM DURING
DRAGGING.

c. LIGHTWEIGHT ANCHOR (LWT OR DANFORTH)

GENERAL COMMENTS: ANCHORS GENERALLY RESIST HORIZONTAL FORCES.

HP/Wg RATIOS GIVEN FOR CHAIN ANGLE=0 AND 50’
DRAGGING DiSTANCE.

ANCHORS NEED TO BE DRAGGED == 50’ FOR FLUKES
TO PENETRATE.

STRONGEST RESISTANCE IS IN DIRECTION OF INITIAL
PULL.

Fig. 59.

Stock, Havy stockless, and lightweight-tyve anchors
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E-?I'Wa ratios are given in fig. 59, which z2iso shows (ke anchors' rela-

tionships to the s=z floor, chain, and cadie; both highsr end lower

133

151, The STATD oxchor is probably the most 2dvanced S=sign of the

ratios are recordzd in the literature.

érag-tyne azc!zors-l?’? Its designers heve taken into consiferation iz
eo=position of the Bottom, the perstretion reguired, and ke prodlex of
torguing. Fig. &0 shows the choructeristics of the SPATO anchor. The
figure 2iso shows the use of both STATD ond mass anchors in an emchorege

A v, - "
e imflu— .

[%)

systen. Tie angle sudbtendzd by the iluke and ths anchor

S <
. & " i
5 Gz wes fzund besd for zuns

)

ances the holding canecilty of the anchor:

Y

!

¢nd 5D dag was best for mud boitoms. The S2AYD anckor has a wedpr v

&

sert toc provide for presetting these angles {fig. 60).
152, Pile anchoss v be precasit or drilled cesi-im-placs con—

cret2 piling or sisel piling. OF some 200 rooring losations using ihe

Arilied-in gmchor piling, not cre fz2ilure hos been ghserves. Angthar
type of anchor is the exbedment anchor with covedls {Iukes, which pene-
tratas the sea floor by free f2ll, Ty Teing driven, or b
sive propellients. The fluxes are foreed into zn open posi
an unwerg 1ifi or Sowmwerd drive on the anthor afier peneiration is

atteined. TIdeelly, these units are placed veriicelsy with a2 swivel

grrangerent batween the anchor and the chein which assisis in the frans—
fer of oniy vertical forcss to the anchor. HP/H ratios can be puite

wera obtain=d in installations of iwo driven fluked-ityvpe ecbedzment
anchors.

3153. Tnere has been little consideration given to ihe effect of
shear sirengih or other soil proserties of the botiecm on the cepssili-
tjes of varicus anchors, other then to distinguish generaliy vetween
sands anéd cohesive soils. Sonmz2 laboraicry experiments have been re—

; a4
epissics, 131,141,152

o

geometries to corpare their holding power charac

n conesive solls generally
1

Yol

The literature on field behavior of anchors

contaias no deseription of soil properties, and the liferature search has
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produced no informatica on any laboratory investigations of anchors in
cohesiva soils. Research along these lines may orove fruitful.

154. Anchors of substantial weight and size are used to hold
floating and subaerged structures within desired limits of excursion.
Lightueight (15-ton) anchors 2re not uncormon egquipman 2% offshore oil
driiling sites. A 55-ton concrete mushroom anchor was used for a moor-
ing installation at a Nawvy installation in Phocde Il's].anla.:"38 Messive
dradweight, drag, and pile-type aachors were used on the Lake Washington
and Hood Canal floating bridges. Scouring occurred ayound nire of the
850-ton deadweight anchors on the Hood Canal flcating bridge and ripren

2
protecticn was placed.lb" Smaller anchors of specizl design are also

used for restraining the movement of pipelines .lk&

155. Soil-anchor interactions meed to be studied in more detail
to arrive at ke most efficient cozdination of anchor and coil for
various applications. A similitude approzch (e.g., 2long the lines of
Baker and ¥Xondner's m:ri!s)l30 may de 2 way to reduce the variables stud-

ied to the —ore significant ones.

les

oy

156. Offshore pile-sunported platforss are the rmost prevalent
man-made structures on the continental shelf. Fig. 61 shows elevation
views and aistorical stages of the development of permanent platforms in
the Gulf of ¥exico. In 1970, Shell 0il Cormpeny constructed a 2k-well
vlatform in the Gulf of Mexico in 373 ft of water, a new reccrd
depth.lh5

vertinent to end bearing, skin friction, and resistance to lateral

A pile design depends on (2) sea floor soil characteristics

loads; (b) loading conditions, including wave, wind, current, ice, and
earthquake live loads and the dead loads of the structure and the pile
jitself; and (c) pile characteristics, including pile diameter, wall
thickness, length, and composition. Part IIT has already indicated the
low strength characteristics of many warine soils. This section cf the
report emphasizes the increased lecading conditions, the increase in re-

quired pile dimensions, and other problems associated with offshore

construction.
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157. Pletforms in the Gulf of Mexico must resist hurricane forces.
Of tie more than 2000 permanent platforms built in the Culf cf Mexico
from 1947 to :L967,1"6 22 collapsed and 10 others were saverely damaged
by hurricane forces. Of these 32 failures, 2 wvere temporary structures
and k vere platforms vhich were constructed in the early years befcre
adequate design procedures and informaticn wers available. Of the re-
maining 26, 23 had been designed to resist 25-year probability storms,
and 3 had been designed for maximum exasectable storrm conditions. The
failures of 2 of the 3 platforms designed for maximmm storm coaditions
were attributed to poor soil cmmlii:ious.:!'l‘5 There hes apparently been
nc loss of life froe the failures of the permanent platforms, owing to a
well-developed hurricane warning systez in the Gulf area and the prac-
tice of evacuating manxed plstforms upon the approach of 2 hurricane.lw
In the case of mobile drilling platforms, at least twc pile-supported
Jack-up platforms tipped over vhile being prepared to move off location
because of apparent soii failures .1138 Dollar value of property lost and
production or exploration interrunted due to such failures gererally
runs into the millions. Even though hurricane miskaps involving perma-
nent platforms have not resulted in loss of lives, failures of ofishore
platforms could result in loss of life, especially off the west coast
of the United States where sudden storms or earthguakes are vossible but
not predictable. Loss of life has occurred during mobile platform mis-
baps .1h9 One cdeath is known to have occurred when a jack-up work-over
barge with cylindrical legs tirved over in the Gulf of Mexico off the
Louisiana coast due to inadequete soil bearing capacity.lhs’lso

158. Offshore piles generally are subjected to higher vertical
and lateral loads than on-shore piles.lsl Tc additionally complicate
the picture, the soils offshore are often very weak, as previously noiesd.
The design capacity for an individual pile of an offshore oil drilling
platform might be 2000 tons, as opposed to a maximum capacity of about
200 tons for an on-shore pile. An offshore pile might weigh 110 tons, or
about 35 times the weight of its on-shore counterpart .151 Pile diren-
sions might be 48 in. in diameter by 600 ft long for an offshore pile, as

compared with 15 in. in diameter by 100 ft long for an on-shore pile.
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Obtairing pile hamrars capable of driving these offshore piles is a
problemn. Individual pile loads on the U. S. Coast Guari light struc-
tures on the east coast vere expected to be not less than 950 tons axial
and 150 tons shear at the nldline,m and these are relatively light
structures vhen compared with scme of the massive oil platforms.

159. Off the Xorth Slope of Alaska and in other offshore oil
fields in the upper latitudes, leteral loazds are even greater for marine
structures due to high pressures from ice loads. For example, the
28.5-rt-diam cyliinder of the monopod platform of the Union 0il Company
in 90 ft of water in Cook Inlet, Alaska, can be subjected to a horizon-
tal force of 7390 kips by a 6-ft-thick sheet of ice having a crushing

strangth of 300 psi driven by tical cm'ments.ls2 Wind loads are prac-

tically negligible compared with possible ice loads. Ice loads off the
153 ...
With

Hortn Slope area may be even greater than those in Cook Imlet.
the discovery of oil off Califorria and elsewhere in deeper waters, it

is probable that the disparity between onshore and off<hore piles will

increase.
160. The development of offshore oil resources became so wide-

spread that a publication concerning planning, designing, and construct-

ing fixed of?shore platforms was issued in 1969 by the American Petrol-

eum Institute (API')."'sh The foreword of this publication stresses the

rapid advancement of offshore technology and encourages designers to use

all research advances available to them. Foundation design is covered -

in more detail in conventional soil mechanics and engineering texts,

particularly for marine work, in reference 20.

161. The operations of properly positioning, battering, and
driving piles are particularly critical and difficult in offshcre plat-
form work because many moving parts depend on proper alignment and be-

cause fre=2-swinging unbraced piles are subject tc fatigue failure due

ts cyclic forces generated by vile-water :u‘.ni'.eract;ion.]'55 One system

develcped to meet offshore platform needs is referrcd to as the template

In this system, the platform substructure is prefabricated

technique.
156,157

onshore, fioated out to the site, and then sunk to the sea floor.
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ioily {fig. 62) was erected us’ng t

{Conrtesy of Amcrican Soviety
of Crvil l:'n:immi.
Fig. $2. Offshore plasform cupported by piles

(from reterence 157)
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3anta Barbara Channel off Claliformia. The legs

are bulkheaded and provide the necess:ry buoyaney ¢

unit to the site (fig. €3). Conurallel risdding of

the template into an upright vosition anay thern cinxs it

alternatively, the template can be plaoei sn 2 baree

the site.

The hollow legs of the ‘emplate, cnce ponitioneid 2

as guides

for the installation of the pilas. In come inst

a temporary platform is then placed on top of the substructure
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Step 1. Template launched and floating horizontally.

Step 2. Hook slings and pull 100 kips. Open flooding valves in top row of
legs. Control flooding with air vent valves. Maintain approximately
10 kip hook load as template rotates.

Step 3. Stop flooding when template is vertical and still floating. Bring
template on location and orient properly.
Step 4. Open all flooding valves and set template on bottom.

(Courtesy of American Society of Civil Engineers)

Fig. 63. Template installation sequence (from reference 157)
which pile driving operations are accomplished. In others, a derrick
barge is used to facilitate the pile driving operation. Still others
use a jack-up type barge or platform (e.g., a Delong barge) to facili-

tate pile driving.158 The completed piles are generally grout-connected

to the substructure legs.

162. A jack-up rig was used in the installation of skirt piles
around the Khazzan Dubai I, a 500,000-bbl storage tank located 60 miles
offshore in the Arabian Gulf in 154 ft of water (fig. 64). Thirty
36-in.~-diam by 90-ft-long skirt pipe piles were grouted into drilled
4o-in.-diam holes.159 The jack-up rig was so situated that it could
drive six piles while at one location. The choice to use drilled

grouted-in-place piles was made because of adverse soil conditions. The
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158,159

attained.

163. The tank
hottor and op-

(Freen Preprings. 1970 Offdiore Technobogy  ayvnd e wat
Confercnce, 2224 April 19705 SX2>%5 0 the water

Fig. v~. Ilucing piles for th2 ‘hazzan Dubai 1 -
s derses storase Sanx {from referance 1.-; Tue piles azre in com-

is Tull of salt wuter and iz fensicn when the tank is full of oil. For
A 100-yr+ storm design, the estimated maximum forces on the structure

are 35,500 zips downwar2 when full of water and 33,590 kips upward when
il of oil. The maximum horizental force for the 109-yr+ storm design

is 313,30 ki?s.lss The piles were designzd to support the entire weight
of the struciure with 5 ft of underscour below the tank walls. lovement
of =ilt into the tank when the tank is .discharging oil and taking in sea
vatar wouid rresent a problem, and airlifting of sand or silt would be
necessary snouxd water flow be restricted or an excessive loss in capac-
ity of the tank occur.

16k. Lags of structures such as jack-up platforms are either of
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; the pile type, which attain adequate bearing capacity by penetration
Z into the subsoil, or have enlarged bases, vhich must attain adequete
bearing capacity vith only nominal penetraticz. FPig. 65 shows the
chronological development of jJack-up rigs. The legs muct support the
weight of the structure, vhich is generally elevated above the worst ex-
pected see state (sbout 35 ft above the sea surfece in the Gulf of
. Mexico), and must vithstand lateral forces of wind and any eccentric
; loadings imposed during operations or pullout of the legs vhen prepering
: to move off location. 3Ixperience has shown that jack-up rigs are most
vulnerable to tipping over vhile moving on or off location.]"'a’]"'9 Up
1 to 1968, six rigs experienced failure dve to inadequate soil bearing
capacity and/or to mechanical failure of the legs vhile in the jacked-up
position. 118

165. Discussions with soil engineers and frequent statements in
the literature disclose many uncertainties attending the design and in-
stallation of offshore piles. Uncertainties with respect to the behav- |
ior of heavily loaded large-diameter piles subjected to repetitive
lateral loads of varying magnit:ides force designers to specify conserva-
tive depths. Available soils data are usually from disturbed samples,

and are sparse, and the designer must use such data conservatively. De-

e <
2l aaliuis

velopment of adequate pile driving equipment has not met the need for
driving piles which can carry increasing pile loads in offshore
vork.153’16° In effect, overconservative design may lead to require- !
ments for very large penetration, such that jetting and drilling may
have to be done in advance of the pile; this results in additional un- ]
certainties about the degree of soil distrubance caused by these proce~
dures. Overconservative design resulting from the uncertainties men-

tioned can be both costly and time-consuming.lsl

166. Full-scale performance data on offshore piles are lacking in

s Y e ¢

the literature and are greatly needed, since the extrapolation of on-
shore pile data to offshore work leaves much in doubt. Carefully

planned investigations of the behavior of completed structures and pro-

grams of testing large offshore piles placed using the different avail-~

e s 2

able procedures and subjected to loads of the same order of magnitude as

il Ak
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{From Ocean Industry, Vol 3, No. 7, July 1968}

Chronological development of jack-up rigs (from reference 148)

Fig. 65.

11k




4 those encountered offshore would help minimize uncertainty and risk.
Data of this sort hawe probably been developeld ir the petrolewm industry,
but are treated as proprietary, and, therefore, are not presently avail-
able for public use.

167. In addition to their use with offshore oil production and
1 exploration platforms, piles are used in the comstruction of docking and

mooring dolphins and artificial island transfer terminals in deep vsater

E and have been proposed as possible foundation elements for offshore
1 ﬁmm.m’lzh’m,w,lss ]

Mats and Footings

168. Mat or footing foundations are those in which the sea floor
penetrations are quite small compared vith the dimensions of the mat or 1
footings. Some 30 percent of the mobile rigs in use in the Gulf of
Mexico are partially met-supported (fig. 65), and now even some perme- !
161 In
many instances, spud piles are installed below the mat to provide {
E additional lateral resistance vhen shear resistance between the mat
bottom and sea floor is considered iansufficient. Protection against s

scouring is sometimes provided by placing riprap. Low resistance to

; nent. facilities rest on mat foundations, e.g., storage tanks.

lateral forces and vulnerability to scour are the main reasons that mats
and other spread footings are not commonly used for permanent offshore
installations. Without the supplemental use of piles, such foundations
would not be able to resist uplift forces.

169. The legs of many mobile drilling rigs end in large-diameter, °
closed-bottom cylinders or tanks which function as large footings
(figs. 65 and 66).118’]'h8 These footings decrease the penetration nec- ] b

essary to support the imposed loads. The footings must be designed to
support the mobile platform on the weakest soils expected to be en-
countered at the various drilling sites. The number of footings per rig
varies from 3-to 1k, depending on the rig design, and footing diameters
range from 16 tc 45 ft. The geometry of these tanks varies from flat-
bottomed, doughnut-shaped tanks near the end of the cylindrical pegs to

115




{Comrtesy of Mensthon |.¢ Tosrnoss Co.)
Fig. 66. LeTourneau three-legged jack-ur rig

cylindrical cans vith concave, conical, or truncated cylinder boticms
(rig. 67T). Comparisons were made of the observed and theoretical per-
formances of 11 jack-up rigs with individual tank-type footings at 120
clay bottom locations in the Gulf of Mexico (see fig. 42) in water
depths from 80 to 300 ft.n8 The use of Skempton's equation for the
bearing capacity ccefficient, ﬂé » and results of unconfined compres-—
sion tests on gocd-guality soil samples gave reasonable predictions.
The general bearing capacity equation for clays with # =0C and

Skempton's equation for N": are:118’162

9 = cl‘i(': + y'D
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» = 6.9 (1 + 0.2 B/8}, respertiwiy

vhere

q, = ultimete bearing Swatily, psf

c = awerage cobecive shear stréagth of =il below fosting
lewel, psf

!:: = dimensionless bearing cspacity factor for circalar foeting
aresas oa clay

Y = submerged wmit weight of soil, pef
D = footing penetratiom, ft
B = footiag diameter, ft
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Skin friction on the sidevalls of the cylinder:s anil the geometry of ke
surface of the footing base were not considered in tkhis anelysis decauss
work done by other izwestigators had indicaied that these factors are
insignificant for the cylirder dimeasions and bottom shapes inmvolwed.
170. Factors corsidered to affect the depth of penmetration are
the inclination of the legs, scour, and the presence of thim layers of
sand or silt wvithin the clay deposits. Penetrations of tke footings of
the mobile jJack-up rigs studied reflect the equilibrium of structure
lcading wvith ultimate bearing capacity. Meyerhoff has shown that Ddear- j
ing capacity decreases slightly vhen the base of the footing is in-
¢:1ine¢i.n8 The legs of the LeTourneau thres-legged rigs can be inclined
as much as 15 deg from the wvertical. When the legs are inclined, deeper
footing penetrations are required than when they are vertical. Scour 1
can effectively reduce the depth of so0il abowve the base of the footing

(thus reducing the D/B ratio), causing a decrease in the bearing capac-
ity and subsequent additional penetration of the footings. Tkin sand
and silt layers beneath the footings can contribute to the failure cf
some rigs. The presence of these layers may temporarily reduce actual
penetration in comparison with that which woulé occur in a homogeneous
clay foundation. A footing may punch through such layvers under later
increased loading after the drilling deck is jacked up into working
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;ositicn.m The bazard can be reduced in some instances by spplyiug
temporary preloads in exdess of the working loads to schiewe pesttrition
greater than thet nesded to sapport the rig in the jucked-wp vorking
position. One lechaique that kac been used inwvolwes the temporary
Nocding of bellast chmubers abowve the legs during jucking.

Dredging®

171. Dredging is performed (a) to meke required excavatioes (for
exaaple, for buried pipelines or cables), ‘d) to remove materials un-
suitsble for foundations, and (c) to obtain mmcerial for fill coastruc-
tioa. Dredging may involwe (3) removal of bottom materials to a
specified subgrade elevation or bottom conditioa, (b) cutting side
slopes to specified angles, or (c} cleaning up soft Icttom materisls
after primary dredgiag has been completed or as fill iz plazyd.

1T2. Dredging in the United States for comstruction purposes has
been done with (a) dipper dredges, (b) clamshell dredges, (c) hydraulic
dredges, ad {d), to a smaller but substantial extzat, hopper dredaes.
Some work has also been done by draglime dredges. In other comtries,
ladder dredges are often used. A stboersible crawler-type hydraulic
suction dredge with cutterhead has recently been comstructed; its desig-
nation is Crawl Cutter MXIX, also called "Sesped."la’ms A special
suction dredge used at Akoscabo Daalﬁ dredged to depths of 226 ft in
vater as deep as 210 ft. The dredge was of the cutterkead type, supple-
mented by jet assists. Scows used to transport dredged materials are
generally not seif-propeliled, although seli-propelled hopper barges were
used fcr Plowver Cove DMam.

173. While subsurface investigations of the site, as discussed in
Part II, are necessary, the success of dredging operations depends more
on visual observations and operational technigues than on control using
conventional soil borings and tests. Some of tne control factors in

# Much of the material presented in this section is presented in
reference 163.
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dredging operations are given in table 12. Uhen classhell or dipper
dredges are weld, large blocks of cchesiwe z0iis are often obtaimed.
Since some of the blocks are often relatiwely mdisturbed, specimens can
be obtained for wsconfined comprecsion tests for comparison with design
boring and testing results.

17%. Regardless of the purpose of dredging, frejueat sowndings to
determine depths and side slopes cbtaintd are necessary. For dépth con—
trcl as the work progresses, m ordisary recording-type echo depth
sounder is sdejquste, especizlly one having a marrow dispersioe of trsms-
mitted waves. This nay =0t be satisfactory for paymeat purmoses; there-
fore, lead line somndings are preferred for thiz purpoze, with repre-
seatatives of both owmer aad comtractor preseat inm tihe somdizg boat.
fiovever, tidsl or other currents may affect iead line soundings signif-
icantly, sod it may be necessary to mske soundings for payment purposes
only at and mear slack tide. Precomstruction soundings mede in strong
currents mey show oo deep a bottos, resulting in an apperent owerrue of
dredging quentities if postdredging surveys are made at slack tide.
Dredging to specified elcsvwstions
or to specified subsurface conditions

175. Dredging to specified elevations may not inwolve special in-
spection requirenents for channel excavation, but this is molt true vhen
dredging for construction purposes. For example, in dipper dredging for
Dry Dock No. 8 at the Norfolk Navy Yard, side decks of scows were at
first wvashed with wvater prior to towing the lcalad barges to sea for
dispossl of dredged material. This, combined with sedimented material
resulting from dredging organic silt, caused accumulaticns of soft ma-
terials on the bottom which bad to be removed by two suction dredges be-
fore a gravel layer, reinforcing forms, and trexie concrete could be
placed. Accumlation of soft material should always be expected and
should be investigated by diwers, probings, or sampling. Inspection

must ensure not cnly that unsuitable materials are entirely removed but
also that excessive quantities of suitable materials are not removed.
It is obviously impossible to remove 21l unsuitable materials without
removing at least some suitable =aterial, but <ood control will minimize

cxcess removal of good material.
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16. Effective cont-ol of dredging can generally be cbtained by
visml cbservations of dredged msterial ty an iaspector siatiome? at the
Credge. This is generslly troe ewven if a hydraulic dredge is used be-
cause of differences in the sound =nd digging action of the dredpe vhen
passing from soft into firm materials. HNowewer, it may be desirable
sometimes to have an inspector at the dredge discharge pipe with radio
contact to the dredge.

1T7. In channel dredging, it is often permissible %o dredge to
steep slopes owver a slightly vider area then needed and to silow the
sices of the cut to assune their nstural slope. HNowever, vhere fill is
to be placed in the excavation, this practice might result in mmsuitable
slide materisls becoming mixmed with fill maierisls on the cleaned-out
bottom, and excavation to specified safe side sloges is desirsble. It
is practical to excavate slopes vhich are remerkably close to desired
angles; however, since this t;pe of dredging is mot common, it is nec-
essary for inspection Jorces to werk closely with the dredge captain to
secure the desired results. O dipper a»d clamshell dredging, specified
3ide slopes can be achieved dy controlling offset distances from the
senter line of the dredge and corresproading derth of excaration for var-
ious positions of tae dredge.

Final cleaning of bottom

178. Where fill is tc be placed after unsuitahle materiais hawe
been removed, exireme care is necessary £0 ensure that soft meterials do
not remain after dredging and tzat soft materials deo not acrumilate at
the toe of the advancing fill and vecome trapped in it. This rejuires
dredging in several seguences such as (2) rcugh dredging to grade,

(b) finish dredging tc grade, ani (c) supplementary or return dredzing
as fill is placed to remove accumulated fines.

179. Dredging generally causes fine materials to go into suspen-
sion and to escape back around the dredge into the dredged area. MNo
matter how thoroughly mmsuitable materials have been removed, some soft
material can be expected fo accumulate at the toe of advancing fills.

In addition, even with relatively clean borrov materials, sonme fines
will be washed out of the fill and arcumulate ahead of it. Regardless
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of the cause, accumlated fines nust be perivdically resoved. This Sype
of clesnup operstion cam best Ye dooe by smll hydraulic dredges, but
bas also been saccessfully accomplished by clamsiell dredging. For a
highway ecsbenkaent in a svamp at Wilmingtoa, Del. ,167 simple probings
vere made using al=minmm conduit as a sounding rod to determine if soft
materials had been entirely removed; the limiting depth, vith hand oper-
aticas, was sbout 20 To 30 ft. Sampling vith a dredge bucket is gener-
aily an effective construction control procedure. Unexcavated soft soil
at ¥ilmington wes displaced by sdvamcing fill if its thickness was only
a fev inches, or at most a foo*, but in almost all aress more effective
removal was cbtained during dredging and cleanup.

180. In some cases, e.g., Brenerton Dry Mi@,l@ snd Plowver
Cowve Bu,w 2 layer of suspended fines a fev feet or muny feet thick,
remining on the bottom after completion of dredging, could not be
removed by sweeping the site with a2 sweep. In such cases, a grawel
blanket 2 to 3 ft thick is often used to provide 2ffective foundation-
to-fill coctact. This method, coazidered to b2 a last resort, should
folicw thorougy cleaning and should mot be used iz lieu of thorough
cleaning.

Underwvater Fills®

181. There =ave been many nearshore sperations involving under—
water fills, such as land developrment projecis, cavsesays, and jetties.
Underwater construction of the lower portions of earth and rock-fill
dams Zas beconme more prewvaleant in recent years, and some dams 50 con-
structed are listed in table 13.

182. A wariety of eguipment and procedures is generally possible
in placing fill underwatsr and, at latter stages, abiove water, as in-
dicated in table 1k. Availability of egquipment is often a controlling
factor except cn large jobs where specially designed equipment can be
justified.

® Much of the material presented in this section is presented in
reference 163.
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183. Where f£i1l1 is tc be placed in a large area or in' a dredged
irench, lateral spreading of the fill is of little consequence if the
bottom bas beer adequately cleaned. This is also true vhere fill is
placed to have flat slopes and vide, lewl top surfaces. Unger these
conditions, botiom-dump scous are commonly ased. On the werx at Yomker-«
Sovuge Treatment Plant (Zudson River), botioo-dump scow placement of
clean sand fil1 resulted in undervater slopes of 1V on 5H to 1V on 11H,
with the latter the more common. At the Southern Pacific Ruilrcad
crossing of Great Salt Lake in Utah, dottom-dump scow placerent of a
well-graded silty sand resulted in slopes wvith steepnesses varying in-
versely vith water depths, ' ITT 4o cumarized in table 15. Sands
dusmed saddenly from totton-dump scows enirap air and appear to liguefy
vhen they hit the bortom, vhereupon they rapidly trawvel horizontally.
This was observed at both Yonkers and at Great Salt Lake. At the Great
Salt Lake crossing, sand traveled horizontally as much as 20D £ in
5 sec.

i8%. Steaper siopes can be cbtaired by placing Till materials
slowiy. Slopes of 1Y om 2.75%: were cbtained at the Bremerton DIy lock
by hydraulically jetting materiais off deck scovs, and 1,300,000 cu yd
of fill was plac.d in this manner. The fill waz reasonably well graded
from 3 in. down to a maximuz of 10 percent finer than the No. 100 sieve.
An alternative procedure for placing fill in shallow water is to urload
deck scows using bulidozers, as done at the Great Salt Lake crossing, or
using a clumshell. Deck scows are generaily reguired when water depths
are less than about 12 ft.

185. In constructing Plover Cove Main Dam undervater, the core
(decomposed rock) was placed by clamshell and the bucket released just
above the surface on vhich fill was being plzc2d in crder to minimize
segregation. OSnell material was durped from boitom-discharge barges.
Some redredging was necessary to remove pervious material from the core
and fines from the shells. Maximum pore pressures in the core vere
about: 53 percent of the weight of fill and dissipated in two months.

186. The construction of underwater rock dikes to retain fill ms-

terials is often necessary. Retaining dikes are commonly employed when
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fill is placed by bottom-dump scows and must be retained in a restricted
area. Rizaining dikes also may be required to protect fiil from erosion
caused by (a) river or tidal currents, (b) ship movements, (c) waves, or
(d) ice. In tidal areas and along rivers, ice may freeze around stone
protection and shift the stones, indicating the need for larger stones
than are needed in areas where ice is not a factor.

187. The construction of retaining dikes has been successfully
accomplished on numerous occasions as, for example, at the Yonkers Sew-
age Treatment Plant on the Hudson River and at the Chesapeake Bay Bridge
crossing near Annapolis. The upper portions of retaining dikes require
filters, properly graded, on the fill side to avoild excessive loss of
fill material into the retaining dikes and subsequent formation of sink
hcles on the fill surface, which may result from {a) tidal fluctuations,
(t) wvave action, or (c) rainfall and seepage from the fill into the
stone dikes. Filters arz normally provided only to a limited depth.
Although filter layers on the fill side of retaining dikes have been

used for a 1oné time,178

they have, unfortunately, been omitted on some
projects. Contractor's claims for intrusion of fill material into the
voids of stcne retaining dikes can be avoided by fillside filter layers.
Construction supervision and control should ensure that (a) the position
and extent of stone dikes are known at all times, (b) stone dike mate-
rial does not encroach upon possible work areas within the fill (espe-
cially where either sheet piling or bearing piles might be driven at a
later date), and (c) required filter layers adjacent to dike material
are actually in place.

188. While bottom-dump scow placement of rock for retaining dikec
produces reasonably steep slopes, the slopes are much flatter than if
placed by unloading rock ty clamshell from deck barges. At the Great
Salt Lake Crossing, bottom-dump scow placement of rock resulted in
slopes that were dependent on water depth, as shown in table 16.

189. At Akosombo Dam,166 rock fill placed underwater for cofier-
dams assumed a 1V on 1.25H slope; finer grained transition material on
the upstream face assumed a 1V on 1.TH slope. Both the rock-fill and

transition materials were placed by end dumping, the rock fill from
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shore and the transition.material from the top of the cofferdam.

190. Where rock is placed underwater and the voids are sluiced
with sand to reduce compressibility and possible loss of material into
the rock, a coefficient of "groutability" or "sluiceability" can be used.
Such ratios can also be used in a qualitative sense when considering
possible loss of fill into coarser materials.

191. The groutability ratio is defined in reference 179 as:

D._. of coarse material
c = 15

a D85 of fine material

A ratio of 25 or more is required for the fine material to penetrate the
coarser material, but this ratio has not been investigated intensively.

192. A coefficient of sluiceability developed for the High Aswan
180 . .
Dam’ is defined as:

c = Dlo of rock

s DSO of sand

Sluiceability of sand into rcck was dependent upon the mean rock size
(see fig. 68). The extensive sluicing at this project provided valuable
support for the use of fig. 63, but (presumably) values for C, using
other materials must be determined by tests.

Upgrading fill quality

193. For an interstate highway embankment in a swamp near Wil-
mington, Del.,181 specification requirements for material after place-~
ment allowed a maximum of 8 percent finer than the No. 200 sieve, but
the borrow area contained from 8 to 20 percent finer than this size.
The borrow material was upgraded by dumping the material in a water-
filled sheeted pit from which it was pumped to the work area by a 20-in.
hydraulic dredge pump. An essential element of the operation was an
8-in. suction dredge located in front of the advancing fill operating
continuously to remove fines carried in suspension beyond the satisfac-
tory fill material.

194, The construction of hydraulic fill dams employs essentially

the concepts described above for constructing pervious upstream and
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Fig. 68. Sluiceability of rock at Upper Aswan Dam

downstream shells. Experience developed in constructing such dams, sum~

marized oy Uhitnan,laz indicates similar results as regards practicabil-

ity of upgrading fill materials (also see reference 182).
1 195. A somewhat similar means for upgrading fill quality where
j truck haul is used is to end-dump the fill material, and suspended fines ‘
that are carried off ahead of the main portion of fill are removed by a
small suction dredge. This requires careful control and virtually con-
tinucus dredging to remove the fines.

! Underwvater £ill compaction

196.

i
Clean sand fill materials placed underwater without cor-act-
tion generally have moderate density, but relative densities of more

than 50 to €0 vercent should aot be anticipated. While relative densi-

ties may average as high as 60 percent, they may range erratically from s

:
4
%
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10 to 70 percent. These may be adequate for highway embankments, indus-
trial developments, and similar applications provided building or other
loads are not heavy and that seismic or other dynamic loadings will not
exist. Houses and other light buildings along the lakefront at New
Orleans have behaved satisfactorily where supported on uncompacted hy-
draulic £ill. .

197. Compaction is necessary where underwater fill is to (a) be-
come part of a dam, (b) be subjected to high surface loads, or (c) be
subjected to seismic loadings for which consequences of liquefaction
would be severe. For the few cases in which fills placed underwater
have been compacted, fill materials were placed and then compacted
in situ by deep vibratory methods such as vibroflotation or equivalent.
This was done, for example, in cofferdams for the Bremerton Dr'y'Dc-ck168

and for a dry dock at Baltimore,lah’l85
il

and underwater for the Hign

Aswan Dam. Presently available vibratory methods for deep compaction

' The former uses an eccentric

include "Vibroflotation" and "Terra Probe.’
weight vibrator that penetrates the soil; the latter uses a pile-driving
vibrator clamped to a steel pipe shell which vibrates continuously as
the pipe is driven into the soil to be compacted and is then withdrawn.

198. It has been proposed by Professor Arthur Casagrande that
granular underwater fill be placed in layers and that each layer be com-
pacted in a manner generally similar to that used in fill and compaction
procedures on land. Professor Casagrande has designed a compactor (for
vwhich a patent application is in process) to compact rock fill in thick
Jayers underwater in water depths of 300 ft or more. A method for con-
structing compacted island fills for bridge piers and other structures
in water depths of 300 ft or more has been patented.lB6 The feasibility
of underwater surface compaction is suggested by the rapid development
of underwater equipment, crawler and other types, and by experiences in
compacting hydraulic fills as they are placed above water, as described
below.

199. Although explosives have sometimes been used to compact sat-~
187,188 189

urated sand, some engineers believe that no adequate basis

exists for evaluating the effectiveness of this method in reducing the
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danger of liquefaction. Alternatively, other engineers consider com
paction by explosives reliable, but only if properly planned, executed,
and constantly supervised in the field by an engineer experienced with
the method. A change in subsurface conditions may require immediate
modification or an explosives compaction program. The concepts of in-
190

apply
also to underwater fills. This review includes a summary of cases in

place treatment of foundation soils, as reviewed by Mitchell,

vhich deep vibratory and explosive methods hLave been used. The use of
explosives appears attractive from the standpoint of cost, which is re-
ported to be about half (or less) of that incurred using deep vibratory
methods.190 Deep vibratory methods appear less sensitive to changes in
subsurface conditions such as thickness or density of loose soils.

200. The relative merits of vibroflotation versus compaction
piles were investigated for a 30-ft sand fill at the Treasure Island
Naval Station.191 Both methods were effective but expensive; vibroflo-
tation was apparently less costly and somewhat more effective. The ef-
fects of diameter of compaction pile at another site have been reported
by Gupta.192

201. Where fill materials being used contain appreciable fines,
neither vibratory, explosive, or compaction pile methods may be appro-
priate. These soils can be improved, however, by preloading, with or
without vertical sand drains to accelerate consolidation. Such methods
are discussed in references 167, 181, 182, and 193 and are basically no
different from normal land operations.

202. Compaction of loose foundation materials underlying compact
sands or clays may result in local voids at the contact between the
Joose and dense leyers. This tendency may exist for all methods of
underwater compaction.

203. Construction control for underwater compaction includes
(a) measurement of settlement caused by compaction, (b) standard pene-
tration or cone tests (or both) before and after compaction, and (c) un-
disturbed samples before and after compaction.

Placement control

204. Required construction control during fill placement must be
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related to consequences of inadequate control, to the feasibility ard

. cost of making corrective measures, and to time available. It is often ) }
3 ) assumed that dredging unsuitable materials and placirg fill are rela-
‘ tively simple operations that are not demending as regards inspection : :
. requirements. This is not correct, as demonstrated by numerous cases ‘ k
] in vhich substantial quantities of soft materials have been entrapped ‘
within an advancing fill. Remedial operations in some cases have re-

| quired the removal of all unsuitable materials and overlying good mate-
4 - rials. At one job, 20 ft or more of good material overlying entrapped
soft material was removed at the contractor's expense. In other cases, !
1 it has been possible to stabilize entrapped materials by installing

. vertical sand drains or surcharge fills to hasten consolidation. How-
ever, such procedures may be neither practicsble nor desirable where the
_ fill must have a high shear resistance. Therefore, to prevent costly

: remedial operations, continuous surveillance of the ccandition of the }
] bottom should be maintained as fill material is placed. '

205. Construction control consideratiois listed in table 12 are

generally applicable for fill placement. Standard penetration test bor-
ings are generally sufficient, but undisturbed samples of sand can be .
obtained, where necessary, using procedures developed at WES.65’69 The :
Swedish Foil Sampler was used successfully at the Great Salt Lake Cross-
ing. As long as floating cranes or dredges are available, one of the
most effective control measures is to obtain large samples with clam-
shell buckets. Small clamshell buckets operated by hand or from a small
boat are useful. Recently developed samplers should also be useful for
construction control. Simple procedures that can be followed by the
contractor as part of his normal operations, using readily available ) ]
equipment, are, of course, preferable to elaborate methods.

206. Check borings through the fill into original ground should

be made as the work progresses to determine whether or not soft material

is being entrapped. This may not be possible if slag fill is used. If :
slag fill is used, special care should be taken to ensure that all soft , %
materials have been removed. This requires constant inspection and fre-

quent sampling at the bottom. Probings are effective in shallow water

g
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but not in wvater deeper than sbout 30 to 40 ft. Two-in.-diam aluminum
conduit tubing has been used as a probe. When it could not detect a
buildup of soft material at the toe of the fill, a clayey skin was left
on the surface of the tubing that indicated the presence of soft xate-
rial. Semples obtained with pipes driven into firm materials by the
contractor are often sufficient. Recording depth sounders are very use-
ful in showing mud wave accumulations at the toe of advancing fills.

207. When fill is being placed, special requirements iaclude
(a) removing partially buoyant or sunken debris that might be entrapped
in the fill, (b) checking excavating dredge discharge pipe joints to
avoid leakage and contamination of previously placed material, and
(c) providing berms, baffle boards, and bulldozer channels at the dis-
charge end of the dredge pipe to force water and suspended fines off
and ahead of the area being filled in order that the fines can be re-
uwoved by a small silt-removal dredge or carried outside the work area.

208. Permanent bench marks located outside the work area should
be required, and surface settlement plates inside the wverk area should
be provided so that payment can be made for fill material "lost™ by
foundation settlement during construction.

209. Divers are generally effective but expensive and are em-
ployed for fill placemernt coatrol only when the stability and proper
functioning of important structures must be ensured beyond rezsonable
doubt. Divers were used, for example, in the underwater construction
phase at the Hugh Keenleyside (Arrow) Dam. Construction control proced-
ures for this project are thoroughly described by Bazett.170 Divers
also inspected dredged areas at Akosorbo Dam before rock fill was dumped
for underwater construction of cofferdams. The current trend to con-
struct cofferdams or lower portions of dams underwater will probably
account for more cases in which divers are routinely empioyed for dredg-
ing and earth-fill placement control. Some engineers question the need
for diver inspecticns and point out that poor visibility and other condi-

tions under which a diver works restrict his usefulness and reliability.

Pollution control

210. Pollution of water from any source is recciving increasing
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attention and must be considered vhen planning dredging snd filling op-
erations. Some examples are (a) avoidance of pollution that might Kave
affected oyster culture in dredging for Plowr Cove Dam in Hocg Ean;,lﬂ
(b) preservation of a clean water supply for use by a pulp mill adjacent
to the Hugh Keenleyside (Arrow) n_'rro and (c) reduction of turbidity
dounstream from hydraulic dredging operatioas for s causewvay in
Floride. 1% At the Florida project, an inexpensive untreated canvas
filter, later rczlaced by a plastic screen, vas suspended from lobster
trap buoys and weighted at the bottom to trap suspended sediments. Tur-
bidity wvas reduced from 2100 to 33 ppm, well below the lewvel of 50 re-
quired by the Flcrida Air and Water Pollution Control Board.

211. Cleaning side decks of scows by water from the dredge can
result in vater pollution and deposit excess fines ia the work area or
elsevhere. Therefore, this practice should be prohibited.

Summary

212. Marine foundations support temporary or permanent, manned
or unmanned structures. Foundation elements include anchors, piles,
footings, and mats. Performance data on full-scale large offshore foun-
dations are lacking. Construction equipment and technology are hard
pressed to meet the requirements arising from operations in deeper and
deeper waters. Many uncertainties exisit in design input and construc-
tion capabilities.

213. Offshore foundation failures have occurred. Anchorages have
failed due to excessive settlement of deadweight anchors into the sea
floor aad to rotation and pullout of fluke-type anchors. Bearing capac-
ities of foundation soils have been exceeded, with the result that mat-
supported structures have overturned and piles or spread footings have
punched through layers on which they were founded. Sliding and lateral
displacement of mat-type foundations have been caused by lateral forces
generated by wave, current, tide, and wind action. All of these indi-
cate the need for continued research and surveillance in the field of

ocean soils engineering. A need exists for full-scale test data and
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prototype performmace deta for all foumdation types, i.e., stress ard
deformstioms in the soils associsted with all types of aachors, piles,
mts, and footings, or benesth esbenkments st sea. Prelimissry physical
and asalytical models may poist wp the major factors csusing foundation
failures and will be belpful in deweloping full-scale test programs.
Load test procedures are oeeded to test various foundstion scil cosbine-
tions on the sea floor to their ultisste capacities.

21\, Construction techmology and equipment capebilities requirve
close study to dewelop capebilities of placing foudsticn elemerts more
efficiently and at the proper laterul and wertical locaticas. File
driving hesmers of higher energy asd efficiency are needed. Cogtisoed
studies are needed to relate the hemmer driving capsbilities 2 pile and
soil characteristics and sttsineble penetrations. Procedures for esbed-
ment of anchors at specific locaticas and depths need improweneat. The
blind dragging of anchcrs to cause esbednent arnd ‘hes proof t2sting <o
not reveal the location of the anchor or its attitude wvit: respect to
the sea floor and the structure.

- 215. Studies arising from the nation’s increaxing coacern ower
the envirommental impact of dredging and spoil 2fzpasal, wkile primarily
directed at the envirommental aspects o polluted srcil and daxsge to
estuarine and coastal areas by unpolluted speil, will mnioubtedly result
in improvements in dredgi~z eguipasnt and gperatices from the eagineer-
ing standpoint. The Cormps of Enginesrs has inftizte? e comprehencive
program of research, study, and experimentation relating to dredged
spoil under the authority of the River and Harkor Act of 1970 (Pislic
Law 91-611, approved 31 December 1970). Some of the research topics
being considered are the development or exhancement cf land using
dredged spoil, and investigation of in-plsce spoil improvement {engi-
neering characteristics) techniques using paysicai, chemical, and bio-
logical methods. Such studies will advance engineering design ard
construction capsbilities for dredging and underwater fill operations.
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PART VI: RECUNENDATIORS

216. 1Ia the following paragrighs, recommeadstions are made for
research to slvance the state-of-the-art of merise s0il sechmmics. Obvi-
ously, parsllel research has beea ant is beimg conducted om lamd, but
the results of such researck cammot oftem be directly extrapoisted isto
the oceae wkviromment. If the eagistering professiom is to mimimize the
smcertainties in desiga of offshore fommdicioms, it must have informs-
tiom Waich is directly derived from resemrch accoaplished on marine
s0ils and iz the me~ine eaviroowest cr in an eavircamest in which comdi-
tions sppréeck see flnor conditioas.

Expioration

217. Isprovemeat of apperstus and procedures to obtain high-
quslity uadistwcbed samples in water depths up to 600 ft shculd be ccn-
tinued. The problems of obtaining continuous undisturbed samples and
attaining reentry into the drill hole inexpensiwvely still have not been
solved for water depths too great to permit use of jack-up ba~ges. San-
pling vitk: single-entry drive an? b~tion-rest, repeated-entry samplers
generally is less expensive and tine-consuming than drilling from ships
ar jack-up rigs but lacks the capebility of sampling at depth. However,
these samplers are vseful in shallow foundation exploration and in pre-
liminary site exploration. Continued research and development are
peeded to minimize disturbance of samples obtained by these samplers and
%o increase the samplers®' penetration capabilities.

218. Sampling of cohesionless soils is difficult in present sam-
pling systems. The distance of travel through wvater from sea floor to
sea surface and the difficulties involved in the pmcedure65 using drill-
ing fluid for obtainirg undisturbed samples of saturated sand in great
deptiis of water contribute to the problex 27 (a) retaining sand samples,
and (b) keeping them in an undisturbed state. Research should be con-
ducted to dewvelop sampling procedures for obtaining undisturbed cohesion-
iess soil samples from sea floors.
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219. Im tks pust, researchers heve used supplemestal emergy
sources snd various means of reducing frictiom ic the samplicg systess
to achieve improvements. These efforts should be costismed with more
in-depth iavestigation of (a) the use of propellamts to wovide s steady
coatrolled drive on a pistom-type ssapler, (b) the use of lebricamts
diijieh are cither applied prior to the loweriag of a sampler or are
alresdy am integrai part of the sampling system, (c) the use of electro-
osmosis to reduce scil-ssmpler wall interaction, asd (d) the use of flex-
ible liners wvhich csa both reduce friction amd enhamce sample retaimment
capabilities. K1l of these efforts should be correlsted vith determine-
tions of engineering properties xad supplemented by a stuly of bhow to
messure disturbence snd its effecis on eagineering properties.

220. The engineering usage of geophysical explorstion techmiques
is a necessary adlunct to physical sampling of the sea flocr. Grester
involvement of the soils engineering profession is needed in the interpre-
tation of geophysical output to cbtain dsts meaningful to the design
engineer. Further research should be conducted iz relating geophysical
data on ocean scils to their engineering properties. A primsry probles
is that of obtaining data of sufficient resclution to indicate differ-
ences in the engineering properties of the soils. Establishment of
relationships of velocity and impedance to woid ratio, umit weight, plas-
ticity charscteristics, shear strength, and other engineering soil
characteristics vould be extremely useful in preliminary surveys for se-
lecting sites for construction.

U U §

221. 1t is pecessary to do the above research frma the perspec-
tive that the base of operations may be either at the sea surface,
beneath the sea surface, or on the sea floor. Advantages and disadvan-
tages exist in executing an exploration survey from any one base, both
technically and economically, and these aiternatives must also be evalu-
ated and improved.

Laboratory Testing

222. The effects of changes in ambient conditions on a marine
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20il uben it is taken from its sen floor enviroomeat amd tested under
laboratory cosditions mast be evuluated to srrive at quamtitative rels-
tionships vhich can be used in mmking best estimmtes of in situ proper-
ties. For exacple, the influesces of dissolwed air coming cut of solu-
tion and of tesperature chaages must bé evalusted.

223. Standwrd s0il testing procedires for the determinstion of
engineering properties of marise soils should be evaluated with respect
to theis applicability. The use of distilled water in testing should be
exsmined to determioe its effects on results of standard tests performed
on marine soils. The effects of dilution of pore water in marine soil
samples should be evalusted. Sslt water of a certair salinity may need
to be used instesd of distilled water in lsborstory testing to produce
dependable values of in situ prcperties. The objective should be to de-
welop a set of standard procedures wvhich take into account the marine
enviromment in tke testing of marine sedinents.

In Situ Tesling

22k. Coatinued effort must be made to improve and evaluste in
situ testing. This inclwles the reduction in costs of engineer tests as
well as the interpretation of the results in a manner usable by the
design engineer. Studies similar to the in situ vare testing in deep
wvaters by Fenskeloz must be accomplished for cther continental sheives
of the U. S. and including the use of other in situ test apparatus, e.g.,
the corne penetrometer, downhoie pressure meters, and various borehcle
logging systems (gamma ray, electrical resistivity, and pore pressure).
The use of acceleromiters on free-falling or propelled prcobes and sam-
plers appears to have merit and should be investigated along with the
possible use of high-velocity-type penetrometers. In all cases, the in
situ measurements must te effectively correlated with engineering
properties.

Soil Properties

225. A more extensive investigation of existing and éeveloping
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s0il data would be wortlwhile from the viewpoint of extrspolating =ngi-
neering characteristics, collating findings, snd characterizing various
groiogic aress of the U. S. continental shelf vith respect to these char-
acteristics. This will precvide & better understanding of the signifi-
ciat festures of upper, middle. ==d lower latitude shelf soils or of
west, esast, Arctic, and Gulf of Mexico shelf soils similar to the gen-
eral categorization of terrestrial soils as, for example, glaciated soiis
of northern U. S., arid soils of soutiwestern U. S., tundra of Alaska,
and permafrost soils of Alaska and Canada. These terss suggest charac-
teristics sssocisted vith them througk experience wvhich are useful in
estimating engineering properties. Because of the high cost of determin-
ing engineering soil properties of subbottom ocean soils, a complete in-
ventory of all explorstions and test results shonldoeestablisbeda;nd
periodic summaries and co:-relations prepared. Such = data bank M&
be cosputerized.

226. With the accumulation of further experience and field and
laboratory test results, considerstion might be given to the preparation
of a report relating the Unified Soil Classification System to the char-
acteristics of soils found in the sea floor with respect to underwater
fills and various types of foundatioms.

227]. Retearch should be continued to establish useful correla-
tions of physical properties of fine-grained marine soils (such as shear
strength) vith index properties such as Atterberg limits and grain-size
data. Extension and expansion of studies similar to McClelland's
stuQ’ 1 on consolidation of delta and prodelta clays and o Sherman and
Hadsidakis® study'2®
are examples.

on Mississippi Valley fine-grained alluvial soils

228. The influence of cyclic changes of pore water pressure due
to normel wawe actions should be investigated, particularly with refer-
ence to metastsble and underconsolidated low-strength marine sediments.
The additional influence of hurricane waves or setup in the Gulf of Mex-
ico and cn the Atlantic Coast and of tsunamis off the Pacific Coast on
pore water pressures in marine soils snould also be studied. Such re-

search could pnssibly explain the mechanisms creating turbidity currents,

136

calar g e el sa st A N o e bk ettt P Y  dimidiid e i bttt b .




sand flows, and liquefaction on continental shelwes and slopes.

229. Scour is directly related to grain size and density in exist-
ing bedlosd and transport equstions. Since scour is a common occurrence,
research should be initiated to study the soil-water-foundation interac-
tion from a 30il mechanics vievroint. The effect of shear strength on
the scourability of various soil foundation cosbinations is an area of
needed research.

Foundations

S e e o S @ s 3

230. The contribution of soil to the overall resistance of an
embedded anchor to pullout should be further investigated. (Work along
these lines is being done by NCEL.) The failure surfaces in soils for
, various estedments of mushroom anchors have been determined and the soil
' ;) resistancer evaluated, but the work should be extended to involve more
' prototype siudies. Similar studies are needed for other anchor types, M
i.e., drag, free-fall and propelled embedment, and pile anchors. The i
demand for greater anchor holding pover to restrain larger floating
{ offshore structural features in deeper waters requires more efficient
design and usage of anchorage systems, including the coupling of the an-

hdde

chor configuration with the properties of the soil. Precision placement
of marine anchors also needs study; haphazard embedment of an anchor by
dragging leaves ir questicn the depth of embedment, the attitude of the . i
flukes and shank with respect to the bettom, and the location of the an-
chor relative to that of the floating structure. Jetting to depth or ex- ! i
cavation, placement, and then backfill are positive control means, but

these operations require evaluations both as to their effect on the hold-
ing power of the anchor and the feasibility of such placement methods.

o AN -
P

231. Means of determining the resistance of the sea floor to
loads transmitted to it through pile foundations should be investigated.

~*

The applicability of design equations and associated coefficients for
skin friction and end bearing of piles commonly in use in onshore work
should be investigated for the large-diameter, long-length, and heavily 1
f loaded offshore piles being used. Soil-pile interreaction to extremely
high axial and lateral loads, as well as the effects of cyclic loadings !
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due to sea motion, requires more study. Load tests to determine ulti-
mate capacities are needed. Data should be obtained on the performance
of prototype pile foundations which have been subjected to large load-
ings. Such deta could be obtained by instrumenting offshore piles to
observe their behavior in the variety of scils which exist on the conti-
nental shelf, including not only individual test piles but also pile
groups in actual platforms. A cooperative program between the Corps of
Engineers, the oil industry, and other agencies would have much merit.
Installation of pressure cells and deflection or strain indicators on
piles and in adjacent soils to monitor the soil-pile interaction should
develop some new capabilities in the state-of-the-art of instrumentation
in the sea floor.

232. The design of mats and footings requires the proper knowl-
edge of the shear strength characteristics of the soil, and recommenda-
tions pertairing to this have already been given under the subheading of
soil properties. Research is needed on the resistance to lateral dis-
placement developed between mat-type foundations of relatively small
penetration and the sea floor. Though raft and mat-type foundations
nave not been used much, they are potentially inexpensive foundations
which can distribute bearing loads sufficiently to support many struc-
tures on the sea floor surface.

233. The proper design of anchors, piles, mats, and footings to
minimize scour requires the study of soil-water-foundation interaction.
Feasible means of minimizing scour should be developed. The placement
of graded filters may not be possible because of uncertainties associ-
ated with their construction in deep waters.

234. Other areas also require extensive study. These include
foundations for pipelines to transport offshore 0il production or per-
haps to transmit fresh water along the shelf and foundations for
utility-type transmission cables. The stability of flat natural slopes
comprised of metastable and/or very soft underconsolidated soils re-
quires investigation. This is particularly true because the current
trend is to operate in deeper and deeper water offshore. The soils near

the outer edge of the Gulf of Mexico continental shelf are of the weak
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underconsolidated type, and the associated bathymetry in the area im-
plies past slope failures.120 Cyclic changes in pore pressures with the
passage of waves over the sediments and their attendant influence on the
stability of these natural deposits may explain some of the my;tery
which surrounds the development of turbidity currents.lg? A study to
evaluate protective armor for fill slopes in the open sea is necessary
to properly design these protective works. Alternatives to protective
armor must also be developed. Excavation required for site preparation
and the construction of underwater fills of soil or rock in the marine

environment also require further study.

Summary

235. This state-of-the-art report covers in a broad overview the
current position of marine soil mechanics and foundation engineering in
water depths less than 600 ft.

236. A primary difference between marine and onshore soil mechan-
iecs and foundation engineering is the hostile and sometimes unpredict-
able marine ehvironment with its deep waters and wind, wave, current,
and ice forces. Present design procedures can take these forces into
account, although the state-of-the-art on them needs much improving.

For the soils engineer, the determination of the characteristics of the
ocean bottom, evaluation of the forces that will be imposed on the soil,
and actual construction on the sea floor within this hostile environment
present primary challenges. It is found that improvements are needed in
many phases of offshore soil mechanics work (i.e., in exploration, test-
ing, foundation performance, and foundation design) and in evaluating
the effects of the ocean environment on all these phases. Performance
research, construction innovations, and cumulative experience from work-
ing at sea will all contribute to the future reduction in the cost and

risk of offshore work.
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Table 1

Undexrwvater Construction Engineering
Types of Structures and Uses

Types of Structures
or Foundations Typical Uses

w4 e e Bt Soect s WORNIGRIER

Structural platforms comsisting of 0il drilling »
tixed (pile or pier foundations) Navigational aids ;
or fioating (anchored} structures Commodity handling :
or foundations Kelirorts and airports .

- 0il storage
Quays
Causeways
Wharves
Bridges
Buildings

Mat or footing foundations Bridge piers
Dry docks (tremie construction)

Water intakes
Quay walls
0il drilling

Earth fills and retaining dikes Dams :
Cofferdams H

Causeways
Jetties -
Offshore islands: { ﬂ
0il drilling ;
Commodity handling :
Airfields :
Land development

> e e ey e

P

+ e

P

Excavations Channels , )
Mining
Borrow uses
Agegregate sources

Underwater structures Tunnels, floating ¢ )
Tunnels, cut and cover . 3

Pipelines

T  dacii
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Table 2

Summary of Underwater Construction Experienbe

Factor

Construction-Inspection Experiences

Water depth, ft
0-100
>100-400
>400

Wave action

Pile driving
Submerged
piling

Large-diameter
cylinders

Tremie concrete
placement

Dredging

Fill placement

Prefabricated
structures

Currents

Range of frequent underwater construction operations

Construction experiences mostly with oil drilling
platforms, some with sewer outfalls

Little or no experience. Projects are mainly specu-
lative and subjects of research study

Extensive experience with large ocean waves limited to:
1. 0il drilling piatforms
2. Navigatior and radar platforms
3. Unloading terminals

. Bridge crossings

. Island construction

. Breakwaters

Extensive underwater pile driving experience. In
WW II dry dock construction, more than 20,000
H-piles driven with tops 3 ft above subgrade
in 70 ft of water

Extensive experience in tower construction. Diameters

to 6 ft, lengths of 400 to 600 ft, and loads to
3500 tons

Extensive experience in WW II dry dock construction
(200,000 cu yd per dock) and or numerous construc-
tion projects. Water depths to 70 ft and greater

Dipper dredging to 70-ft water depth; clamshell
dredging to 80-100 ft; suction dredging to 200 ft.
Controlled side slopes possible

Much experience in water depths to 80 ft; some experi-
ence to 200 ft

Extensive experience on:
1. Drilling platfomms
2. Prefabricated floor and wall trusses consisting
of tremie concrete forms and reinforcing
steel, from WW II dry dock construction
Bridge crossings
. Ocean floor storage tanks
. Offshore terminals
. Tunnels and pipelines

()90 BN~ ¥ V)

Velocities of 6-8 knots encountered fairly often;
higher velocities in river closures
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Table 3
Characteristics of Two Surficial Grab

and Two Surficial Scoop Samplers*

_Typve and Name

Characteristics

Surficial grad
Orange peel

Van Veen

Surficial scoop
Pipe dredge

Frame or chain

dredge

Four jaws close and take a hemispherical bite of the
the sea floor. Samplers up to l-cu-ft capacity and
weighing 330 1b with a 22-in. diameter are avail-
able. Fig. 2 shows U. S. NOO L45-1b-capacity orange
peel bucret which takes a 0.15-cu-ft sample. Can-
vas cover sometimes used tc prevent sample washing

Two jaws are levered shut with long bars. U. S. NOO
Van Veen grab shown in fig. 3 uses a trigger system
to hold jaws open during descent. Contact of the
weight with the bottom triggers the grab for clos-
ing. The U. S. NOO Van Veen takes a 0.15-cu-ft

sample

A length of metal pipe with the front end sharpened
for cutting into rock and a grating at the aft end
for trapping rock fragments while permitting fine
sediment to pass through. The scoop shown in
fig. ba is 6-1/2 ft long and 1-1/2 ft in diameter

Steel mesh bag is attached to rear end of metal frame
for trapping rock fragments entering through open
front end. Front edges are sharpened for rock
cutting. Front-end opening varies in size from
6-1/2 by 1-1/2 ft to 3 by 1 ft. Chain mesh bags
have lengths of 5 to 10 £t (see fig. 4b)

% Additional information on surficial grab or scoop samplers is given
in references 14, 18, 19, and 20.
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Table &
Caaracteristics of Marine Corers {Tube Samplers)

Inside
Disseter Iength —p———>—R00ST, ~
- Jdentification in. it i? 0?“ Va?r” Zeference ]
_ ¥ullenberg piston 1.2 % 7.6 13.6  1%3.6 N
: Hydroplastic {uSiG) 3.2 ] 1.6 13.% 55.8 26
Yydroplastic (Richards) k.2 ] ) 0 3; 7
Hydroplastic (McMamus) 6.0 20 1.5 3.5 N.6 30
= USIEL spade corer 8br12 2 o] 0 2.7 1n
. Boomerang 2.5 13 2 L.0 69.2 32
\ iUniv. of ¥ash. piston .
corer 2.5 208 2.2 13.5 137.8 Authort 3
: Yniv. of Wash. pilot
corer 1.9 5%% 5.5 22.2 123.5 zuthort
USIEL Eving 2.4 hisd 1.9 13.2 Q7.9 33
v 5%GI gas-operated 2.1 5.% 0.2 0o 12 % 1
USGS-%zS vibratory 1.2 11 o ] 2c “=5 Shop prints 4
Mackereth 1.6 20 o] 0 51.5 35 h
3 Hvorslev’s criteria.6 B
3 for comparison with abowve E
] Short sampler: (length <
- about 2 to 3 diameters) -- - 0-0.5 - - - ) ?
Long samplers (length > )
avout 8 to 10 -
r diometers) - - 0.75-1.5 - - -
Conesionless soils - - - (o] - -
S Conesive soils - - - <2-3t¢+ -~ -
General - - - - <10 -
* Defined in fig. 1. 1
#* Iengths may be increased by adding barrel extensions. }
1+ Froa author's class notes taken in course a2t Univ. of ¥ash.
1+t Unless taper of cutting edge o is very small.
g
E|
]
Table 5 ' ]

Ranges of Dimensions for Marine Sediment Tube-Type Samplers

% Data from reference 7.

;
Gravity Sampler Piston Sampler i
Min Max Min Max '
. !
Diameter, D_* 1 in. 12 in. 1.5 in. 6 in. | g
Length, L* 12 in. 15 £t 5 ft 80 ft § 1
Meximum safe length, Lg , based on ' 1
Hvorslev's criteria (see fig. 1) ;
L, 10 in. 10 ft 15 in. 5 £t z i
Cohesicnless soil 3~ = 10 E 1
s . 4
L , |
Cohesive soil 7° = 20 20 in. 20 £t 30 in. 10 1t | 1
5 ]
L
; ;
‘ ]
‘ ]
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Table 6
Characteristics of Acoustical Systems*

Depth of
Description Frequency Power Resolu- Penetration
(Type, Manufacturer, Model) kcps _Joules tion, ft ft
Piezoelectric transducers
Edo Western Corp
Model 185 12.0 - 2-3 120-150
Model k15 7.0 or 3.5 - 0.5-1.5 30-150
EG&G Internationai, Inc.
Pinger protes 12.0 or 5.0 - <1 45-90
Electromechanical transducers
EG&G International, Inc.
High-resolution boomer 1.2-0.8 200-500 *1 20-200
Standard boomer 0.6-0.04 13,000 +10 1,000 (max)
(max)
Sparkers
Alpine Geophysical Assoc.,
Inc.
Sparker (a) : 5.0-0.5 50 5-15 300-L400
Sparker (b) 0.6-0.25 100-400 20-25 1,200

EG2G International, Inc.
Sparkarray

Huntec Limited
Mark 24 Hydrosonde System 2.3-0.1 -

0.120-0.08 105,000 50-100 7,000+
(max)

-- 150

Teledyne Industries

Subot System 1.0-0.125 5,000 10-50 300-2,000

(max)
0.125-0.02 160,000 - 15,000

SSP System
(max)

* TInformation was obtained from table 1 of reference 73.
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Grain-Size Scales¥

Table 7

U. S.
Grain Standard
W¥entworth Scale Phi Units | Diameter Sieve USCS {Size
(Size Description) D, m Size Description)
Boulder
-8 256 Cobble
Cobble 76.2 3 in.
-6 64.0 Coarse
19.0 3/h in. Gravel
Pebble Fine
k.76 No. &k
-2 k.0 Coarse
Granule
o 2.0 Fo. 10
Very coarse
0 1.0
Coarse Medium | Sand
1 0.5
Medium 0.42 No. Lo
Sand
2 0.25
Fine
3 0.125 Fine
Very fine 0.074 No. 200
4 0.0625
Silt
8 0.00391
Clay Silt or clay
12 0.00024
Colloid
* Information was obtained from references 18 and 82.
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Dilatancy (reucsiin to chusins)

Afirr pescving particles larger thas fe. L9 .ese cice, grepars a pat of so.t
~o11 with 8 solume of nbout cneshalf atic inch. AR erough water if 1000, “CY
Lo mike the £oil 2oft RuL not ~ticky.

Pisce the gt in the cped paln of oo hand and chace horiusatally, .Srarans
Agiriucdy walnt the ciher hand several Lime.. A poLalate £ANCLIGA €54 et
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Very fine 2lean  asds give the quickest and 20it ALstin
plastic 2lay has 0o reacticn. Inorowric oilts, ru
shew a mederately quick resction.

% reaction vierea: o
s a typlenl roer flour,

H
>

St gl oare Blaurated by somhasations <f B a0 ORGP

For ewrsple Jadll, vellagraded graveletsd

FISID DDETIFICATICN IRXCENHES FUR FIESRATNED C3IIC R FRACIIONS

Theor pricedures are 20 ke gerforsed on the mleu, Moo M) leve cire pacticles, approvizan
enwrins 30 rot datended, ~izply restve by hand the courie particle- 3l

Drv Stressth (erushing sharaeteriztic.)

After ¢
arns. tengy of

%ty ndding water iF ne

ty cven, sum, o Alredrying, ad then el {27 ftrength
This strersth 30 9 measure of the charscter and Juantity of,
it cobd ddsa fracticn contained in the Loil.

betveen the fur

nereafns ple ity

Bich dry Strencth ix charneterintie for cleys ¢f the O roup. A typlieal Inore
“o <nly very clight dry trength.
~r2e . 1ight Ary cirevsth, bl oan be Alrtinguished by the feol
Fine sand fealr

canid L kit proe

sten powderine it aried speciren.
har the (2ith Torl of flewr,

woing part.eles larger thas . ) cleve fize, mold u pat

3/6% tn. Fer
t Interferc vith

v the pat o Ary cozpletely!
ts trescing and erwmbling

The &ry (trensth ircreases with

i
i
GLlty fine sands and silts :

sTitty shemeas a typical sil

From reference 82.

/60




Table 8%

il

TESTSRD T AL LI
o Dubag Shet.STocm el Jeser. 3l end
r I o i
Haronding erizies SwprT T 4 Lt
el ImIag Trerione v erncmcel vt}
. <
h afavurcs.,  § Sile acpr $x 4T K00 enb mdsiaez.ad .
WNORT 5T AL LTI G Ao For 2ol 22000 covon ML JIToTIMETAS 23
2 DRI AT Bare F sagnGie =
hie PN By LI FLSSIACT, ?45 2
2ol SRS RSN, 2 L _y_::'é
3
M -g 307 Meezles Wi Lrabailin remtrmaty fur I
$ET %:
otazame. FrFIASILY Satws or Tulrs WIH 0¥ JIAITIES szs §o’§ Kazavherg SIR0US beiiw K™ Ylaw | Ahere "X Slae uizn
b (2o L0z, 2omaniam Truredws 3re IC 2etm) ,gg-; - o 73 Zesz W d P drmers Ll T
TiFe 59 0 ATMT ALt WFOACSAte ez __:5 g Srberslse enzes
FETMATALE T AGE Wl LRI, DL e Y. TEPIL it 0T Boad
. BT 100 WETATSFe TTRN moubie < = s ¥ Sl  Allendere Iizits Mlawe TRT Siae TFaals.
paemes.  § FHatic Do (0 Man et jroseko ek Rakei 4% ok Since - EE; FE P v;'_‘l.?gms'.canz‘l -
ore €2 bcike £A255 Serss T NrTegi taoe aad sl==. S
- T ges2ingnl BetTiTire A0 ST = 5,,-_: 13- >
- w s sy = 3 -
P, dizate o | Site sangr fa orais ..o st mctanaial muwts 2oae2 2k SRRl L2 et Zizt? 8% €, * ¥ Trevier s $ ]
82 a5 laterekinte jaciicle s3ori. slgoy * ad =
p-4 s
- -’ (u_\ )2
= Tel ¥ x .
s, bit3le] Freimimesly soe 2Ide 5T 3 Tacpr o Llted =21 L.EF =7 c‘ﬁmsrm-mz
itk some [=ternel.ale sItes 22Iizg. “luze S5I% = ﬂ
3 oz s]2sy =7 Fr2 Jertize el owlAl reinenests Tor S5
Ziizg raed, grawiizs semn b taes, | 5] §54 npe .
. Dumyimsile fuses 3P ffaes itk Lov jladt.tity TETNT rares aTiizoeer bilelz. ] 537 3= Asteriery Bixits Sedow TAT Lize  § Rawrme AN jiac with
{2z thextrnattos s oeimrs see X belas). SazCemes LInes Sl st msansluw F]=Tn LT ez Al 2 Stters L amt T
saal iralze, e U Tlzes wowt S L S f 2 are 2rmteriion cules
Zipoaitie Tines with Loar drp sirensiizy -E;; 14 seveiizg v 67 Sl
- L pves <xe s gt ] . N
Fatie five (fir t8mnitoatlus joweekanes i ;;:f'":;;‘ A lapliee =i € ] S22 Jserbere Dalts sbove A" S1me | SROD .
20e £ Sei). i i . s | zx ¥tk ¥1 oreater WA 7
=
- &= -
- £
i
3 . E
Sy T £24 -
i {Srarste | (Comstszensy *
damacterizties)] I, 2taalz) oear 71} >
H [
Moo 2o TA4Re | Qutec 2o niw p-<=13 oo unilstutad 515 all {nfozstise = izg - oilz at Epsal Siguid Limit
L ATErtEDe, SITAEITIoativi, 200 - Txbress and Doy Sirensit Izereace Z
31r%eze7 o wndlziried asd re- £ Py vith Increastics Plasticlty Isdex —
Come o " ez, 2i.tire ant dralze .4
Motnim 2o bigh [ <07 T Yedtm age toztictiec, g e — AR
L] II
z F]
218
Sz ;: wims 21713 K L Z
- Stve typioal zeoes lndizate dedsee aod ] t ¥ Z
sharteter LS FIABISity: Amant ol ;; ‘: pf
- - Y S Zralnct oulur - v
.,::.'}‘.’ b Stow 3 rome Tl AT ans b et lE
A= etz sher pertioant =l ™ Z
_rmatiing wd el = L ~ b
e in parestiesn, j/ 8
"f’?* yess %o Bl 12 .4
i 7 y
i ML,
1 Y
- e L very Tt o Examyles ° o
¥ratm 1 Bl siw edin cx;-‘-og sflt. beoomi L shtly plasties b o 3 = » ] 7 2 %) 100
"MLl jororaver of Tine land; LIQID LIMIT
moeriuz vertieal ret holess fim ]
2 s lnems 1oa- Az .
Restily Hemnified by eolor, wdor, .pomzy feol st 20 I jleem: Loacss (). FLSTICITY AT 3
. eetly by Plirens il
wt Tregueaily £ fitrous tevtwee. For labrrasory elaszificatien of firc-gralned scils
are fn.torated by cimRidatioed o Zroup ymbols.  For exwple 55-37, weliogreded graselessnd elxtuse ofth clay'dinter. {2) ALl c.ese cizes on thiz chatt are U. 3. stantard.
FIELD ITETIFICAIINS FROCIIURES FOR PLILRALED IO MR mAgxzcx:;
v perforzed on the mirss N2, M Jleve slze poticles, approxizately 3/6% fn. For D161 clsssifientisn purposes, /
W 17 02t fatended, cimply rezove Yy hasd the ciarse particlen that .aerfers with the rests.
Dry Srrengtn (erushing ctaractericric.) Souress (conzistency rear plastic liaiy)
oist After mamoving paTl.cles 1arger than lice W) (eve Si.e, D0ld A AL O Gl 1D the After particles larger than the No. &0 sleve cize are resoved, n specizen of zofl
SR eonsiztensy of putty, a2ding water if <eoesoary. Adliv the pat oo &y cospletel, AL om.Rall Inch oude 4n clize, 1s =o0lded 1o the consistency ¢f putty. If 100
Ly Crmmy 3N, P ALTSATVANG, WA then tect i3S strevgth it treaking and oenotairns dry, water =ust be added and .f oticxy, i speclzen &hould be upread out {n o
- tetveen the finZers, This . tremth ic 3 medswe of the character -od quantity of enin lager and allcaed o 1ose some m0islture by evajoration. Then the specimen
onctsts the ecllnidal fraction ¢rtained tn the noil. The 4ry sinength increwses with is rolled out ty hand on & z200th rurface or between the palms into o thread about I
very increasing plncticity. onesefzhth tach In dloreter. The thread fz then rolded and rerolled repeatedly. -4
Righ dry ctrencth &5 characteristic for clays of the Cf group. A tyjpacal inora 3 this manipulation the molsture content is grafually reduced and the specta oy
y and fanie SAIt proceLnes o)y very Slight dry Jtrength.  Sidty fine »uds ard silt. ™en s3iffent, finally loses its plasticity, and crusbies when the plastic limit q
g Lave about the .ome (lght 45y streasth, but gan b 4i-tinguleled Ty the fecl 1z reached. N
when powdering the drled cpecimen. Fine .and feels sritty whereas a typical cilt After the threed crsbles, the plece. Jhould te lusped together asd a slight reading
haz the smooth f2ef of flour. action continued unty) the luwp crwmbles. i
The teusher the thread rnear the plastfe 11t and the stiffer the Iizp when 1t 5
Zinally enmbles, the zore potent 1z the collofdal clay fracticn 13 the soSl. 1
Weskners of the thread at the plactic lizit and quick loss <f coherence of the ]
Iump belev the plastic =it {ndicate either inorganic elay of lov plastiefty, or
zaterials such 4z kaolin-tyje clays and organic clays which occur below the A-ltne.
Highly organfc clays have a very veak and spongy feel at the plastic limit.
0?1:'6(”. El
1]
!
i
i

NP TOr U I 0



is

l
) 4 4
Fidrus testure, coior, odor, 50§ or less pass No. 20G ; i« "=
very high moistuie content, g
particles of vegetable mat-
ter (sticks, leaves, eto.) Rup sieve analysis ]
GRAVEL (G)
Greater percentage of coarse fraction Greater per
retained on No. b sieve
Less than 5% pass Between 5% and 12¢ More than 124 pass Less than 5% pass Be

¥o. 200 sieve*¥* pass No. 200 sieve No. 200 sieve No. 200 sieve*

Borderline, to have Borda

Exsat - double symbol appro- Run LL and PL on < doub.
size c‘g’:m priate to grading and minus No. LO sieve Ex::ineug;am— pria
plasticity character- frac‘;ion s curve plas

istics, e.g. GW-GM ist

Belov "A" 1ine or | [Limits plot in Above "A" line end
Well- -
gr:gd ::Eg hatched zone on hatched zone on hatched zone on “:clli a Poo;g
plasticity chart plasticity chart plasticity chart gr gra
o GP GM GM-GC GC SW SP
Note: Sieve sizes are U. S. Standard.

* From ref, 82.
** TIf fines interfere with free-draining properties, use double symbol such as GW-GM, etc.
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Table O%

AUXILIARY LABORATORY IDENTIFICATION PROCEDURE

Make visual examination of soil to determine vhether it
is HIGALY ORGANIC, COARSE GRAINED, OR FINE GRAINED. In
borderline cases determine smount passing No. 200 sieve.

Bo. 200 sieve

sis

SAND (S)

Greater percentage of coarse fract’/on

pass Ko. L sieve

ss than 5% pess
. 200 sieve®

Between 5% ana 17§
pass Jfo. 200 sieve

More than 124 pass
No. 200 sieve

Examine grain-

Borderlire, to have
double symbol apprc-
priate to grading and

Run LL and PL on
minus No. 4O sieve

S WS |

"

L

Liquid 1tmit

5C
-l
Below "A" line or Limits plot!
hatched zone on hatched zom
plasticity chart plasticity {

Color, odor, possibly
LL and PL on oven-dry

size curve plasticity character- fraction soil
istics, e.g. SW-SM
well- | |Poorl. Below "A" line or | | Limits plot in Above "A" line and
aded adecyl hatched zone on hatched zone on hatched zone on organic| |Inorganic
er er plasticity chart plasticity chart plasticity chart
SW SP SM SM-SC SC oL ML

as GW-GM, etc.

=
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Por T

1
FINE-GRATEED
More than 508 pass No. 200 sieve

Dttt 1 R

Run IL and PL on minus No. O sieve

i material
F
L H
Liquid limit less than Liquid limit greatsr than
3 L b 50
Belcw "A" line or Limits plot in Above "A" 1line and Below "A" line Above "A™ line
hatched zone on hatched zone on hatched zone on on plasticity on plasticity
plasticity chart plasticity chart plasticity chart chart chart
Color, odor, possibly Color, odor, possidbly
LL and PL on oven-dry LL and PL on oven-dry
soil soil

Organic| fInorganic Inorganic Organic

ML ML-CL CcL MH OH CcH
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Table 10 -
of Marine Soil rty Tests on Samples
fron off the Californiax Coast

Pertinent Data for Gemeral locations Indicxtsd

west of ‘tort Dume  Southwest

South of West of Port to of west Yest
Paraneters San Francisco Ventura® Hueneme® fort Loms 1os Anpeles of Del Mar of San Diego
Beference 10 9@%© 11 12 110 n3 110
Latitude 37°18.8' to  21C.7*  3/009.6° 34000" to  3PLTY, 32059,  320L0° to
37°01.5° 320%0° 33°L1" 32957" 32035°
Longitude 12052.2' to  11902%.2' 119°45.3" ot given 118933.5°, 117920' to 1il7935.5° to
122025° 118022° 117018° 117018°
Water deptn, It 252-150 100 175 <350-2500 2139 and 830-¢55 2072-3996
Maximm sasple 0.67 3.9 .0 2.3 5.3 k.0 1.7
depth oelow
sea floor, ft
Type of sampler To detajls MCEL Zwing HCELEwing Box o details Mo de- Ho details
Corerst* Corers+ Corert tailstt
Kunber of 12 2 3 18 2 7 18
samples
Tests performed
Grain size x -- - x b4 4 x
Density x x K4 x x % x
Fater content - % x % - % -
Liguid 1i=mit - % x % - x --
Plastic limit - ® x % - x -
Consclidaticn -- - - b -- - --
Direct shear X - - % x X %
Labvoratory Ed x X -- b3 b x
vane chear
* Soil data obtained in connection with NCEL in situ plate-bearing tests.
*%  See table L,
t Similar to USNEL Spade Corer (see fig. 9 and table 4).
+t Coring device designed for use with Submersibie DR/V Deep Quest.
(65
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Table 11
Comparison of Soil Properties for
Samples from Two Sites

3 Tocation
; Site West Site West of
Parameter* of Ventura Port Hueneme
Soil classification Silt (ML) Silt (MH)
Particles finer than 1
3.9 microns, % 28 k7 3
] Liquid limit, % I 105 |
Plastic index 16 56 3
Water content, % 56 138 3
Vane shear strength, '
tsf 0.028 0.011

* Values are mean values of soil properties of top
1.5 £t as determined by in situ plate-bearing tests
(from references 99 and 111).
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Table 12

Constructicn Control Factors for Dredging

Construction Control

Characteristics

3

: Purpose of Dredging

3 Removing unsuitable 1.
A materials
b
] 2.
t

3.
L,
Cutting uniforn 1.
side slopes of
specified slope
2.
Cleaning up soft 1.
bottom materials
after dredging
is complete or
as fill is
placed or voth
2.

3.

Visual inspection of dredged
materials

a. Dipper dredge--at dredge

b. Clamshell dredge--at dredge
¢. Hydraulic dredge--at dredge

or at discharge pipe or
both

Sampling of bottom
a. Grab samples

(1) Small orange peel
(2) Bucket of clamshell

dredge °
b. Borings
c. Probings

Depth control--lead lines gnd
acoustic surveys

Diver inspections

Control of depth and radius of
bucket or cutterhead--re-
quires inspector at dredge

Soundings--lead line and
acoustic surveys

Use of clamshell or dipper
dredge

Use of hydraulic dredge

Use of airlifts

1.

2.

3.

L,

1.

1.

2.

3.

Basic inspection procedure--
requires inspector at
dr2dge when nearly to sub-
grade, or at discharge
pipe with radio communi-
cations. Kecessary for
safe a: : economical
construction

Checking of condition of
bottom is required

a. Generally applicable--do

before placing fill

b. & nuisance, interferes
with construction.
Seldéom 2pplicable

¢. Applicable in shallow
water only (20-30 £t
maximum). Insensitive
in deep water

Tidal or other currents

can affect lead line
surveys

Must be by feel only because

of turbidity; varies in
reiiability

Cratrol of depth and distance
out can produce acceptably
uniform side slopes where
required. Operation’is un-
familiar to many dredge
captains but is practica-
ble when understood

Generally satisfactory
a. Very soft material may be
difficult to remove--
sometimes possible if
material is allowed to
consolidate for a few
weeks
b. Do not permit bucket
loads of water or hoses
to be used {o clean
decks of scows--clean-
ing decks results in
excessive soft materi-
als on bottom
A small hydraulic dredge for
bottom cleanup work is
probably best method and is
flexible--does not tiz up
principal excavating equip-
ment. Disposal area availe
ability is sometimes
limited
Suitable only for small
areas--not always effective
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Tabl= 13
Damz Involving Underwvater Fill

Maximm Hater
Dar: and Reference Depth, It Work Accomplished

Hugh Keenleyside Daxll® 55 Lower portions of earth dam con-
(formeriy Arrow Dam), structed unierwater on pervious
Columbia River, foundation soils. Dam composed
British Columbiz of sand and gravel zone, with up-

strean zone and 2200-ft-long up-
stream blanket of glacial till.
Sard and gravel fill beneath
blerket and in dam placed in
wvater depihs to 55 ft; till
placed in water depths to L5 ft

Plover Cove Main Dam,"d 8 Soft foundation materials resoved
Hong kong and embanl=ent constructed under-
water. Core is decomposed rock;
shells have interior horizontal
sand blanket drains

High Aswan Dm,rn' 131 Portion of dam beneath normal river
Egypt level constructed underwater.

Undervater portion of core con-
sists of coarse sand, grouted
after placement. Adjacent under-
water zones consist of dune sand
compacted underwater after place-
ment, by vibrators. Maximm
height of dam is 36L ft; volume
of fill is 55 =million cu yd

fxosombo m,l‘% 27 Dredging for underwater cofferdan
Ghana construction

Fanapun L’anrlz 50 Fiver closure zection constructed
underwater. U strean and down-
streaw dikes constructed in maxi-
mn of 50 It of water; zand £il1l
ent-dunped between dikes and con-
solidated v vitroflcintion.
Slurry trencnh culaff consirucied
through zand fill

Ialies Clocure Fam, T3 10 -
Coluntix Riwes
Crain of Em&:]"ﬂ; _— Eock~-£i11 Exm bRl aersss Miscis-
=irgi Fiver «iifcul ameeserine




Table 1k
Underwvater Fill Placement Methods

Methods

Bottom-dump scows

Deck scows

Dumping at land edge
of i1l and push-
ing material into
water by bulldozer

Characteristics

Fill assumes flat slopes unless retained

Limited to minimm depths of about 15 ft
because of scow and tug drafts

Rapid--quick discharge entraps air and
minimizes segregation

Usable in shallow water

Unloading is slow--by dozer, clamshell,
or hydraulic jets

Steep side slopes of fill can be
gchieved

Coarse materials drop out tirst--may
cause shear failures in soft
foundations

Fires mey ccllect in low areas and have
to be remev:d

Incpe:ction o7 material being placed may
be difficult

Fines in material piaced below water
tend to advance and accumulate in
Tront of advancing fill

York arrangement should result in cen-
tral portiors being in advance of
sid2 portic:~ ¢ displace sideways
any soft botiua materials

In shallow water, tulldozer blade can
zhove materials dowmward to ascist
dizplacenent of zoft materialc
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Table 15

Bottom-Dump Scow Placement of Fill Slopes

Great Salt Lake Crossing

Water Depth
ft General Slope {Very Erratic)
15-20 1V on 2H (some to 1V on LH)
>20-30 1V on 3H (some almost horizontal)
%0 1V on 4H to 1V on TH (some flatter)
>Lo 1V on SH to 1V on 10H and even flatter

Table 16

Bottom-Dump Scow Placement of Rock

Great Salt Lake Crossing

WYater Depth
1t Rock Slope
15 iv on 1.5H
25 iV on 3H
k0-50 1Y on 5H cr flatter
17¢
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APPENDIX A:

Organization

Personal Visits

Individual

N .‘____"“

PERSONAL CONTACTS

Subject

Lehigh University
Bethlehem, Pa.

Marathon LeTourneau Co.
LeTourneau, Miss.

McClelland Engineers
Houston, Tex.

USAE Coastal Engineer-
ing Rescarch Center
Washington, D. cC.

Univ. of Rhode Island
Kingston, R. I.

ASCE Conference on Civil En

Miami Beach, Florida

Offshore Technology Conference, 22-2} April 1970, Ho

Organization

Prof. A. F. Richards

Messrs. C. Middleton,
N. March, and J. Woods

Messrs. B. McClelland
and J. A. Focht, Jr.

Drs. D. Duane and
C. J. Galvin, Jr.

Prof. V. A. Nacci

Conferences Attended

Correspondence

Individua).

Bottom-rest sampler and
test equipment; use
of Prof. Richards'
library; marine soils

LeTourneau jack-up rigs

Marine soil mechanics
and engineering

Sand investory and con-
tinental shelf
oceanography

Bottom-rest sampler and
test equipment;
marine soils

gineering in the Oceans, 10-12 December 1969,

uston, Texas

Alpine Geophysical
Norwood, N. J.

Bechtel, Inc.
San Francisco, Calif.

Benthos, Inc.
North Falmouth, Mass.

Chicago Bridge and Iron

City of Long Beach
Long Beach, Calif.

Mr. W. C. Beckman

Adm. H. N. Wallin,
USN, Retired

Mr. S. O. Raymond

Mr. X. W. Lange

Dr. M. N. Mayuga

Subject
Vibracore sampler

Offshore structures

Boomerang corer

Dubai Kazzan storage

tank

Thums Islands
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Organization

Individual

Subject

Dames and Moore
Los Angeles, Calif.

Earl and Wright
San Francisco, Calif.

U. S. National Aeronau-
tics and Space Adminis-
tration, Goddard Space
Flight Center
Greenbelt, Md.

U. S. National Oceano-
graphic Data Center
Washington, D. C.

Univ. of Wisconsin
Madison, Wisc.

Alpine Geophysical
Norwood, N. J.

Bechtel, Inc.
San Francisco, Calif.

California Institute
of Technology
Pasadena, Calif.

Challenger Research,
Inc., Rockville, Md.

City of Long Beach
Long Beach, Calif.

Dames and Moore
Chicago, Ill., and
San Francisco, Calif.

Earl and Wright
Sen Francisco, Calif.

E. D'Appolonia & Assoc.
Pittsburgh, Pa.

Frederick R. Harris,
Inc., Kew York, H. Y.

Mr. V. A. Smoots

Mr. W. R. Schmidc

Dr. T. S. Austin

Profs. J. R. Moore,
R. P. Meyer, R. Harker,
and G. Roderick

Telephone Contacts

Mr. G. Tirey

Adm. H. N. Wallin,
USN, Retired

Prof. E. Scott

Mr. C. L. Hayen

Dr. M. N. Mayuga

Messrs. C. K. Au and
J. Angemeer

Mr. W. R. Schmidt

Dr. E. D'Appolonia

Mr. E. H. Harlow

Marine soil mechanics

Offshore structures and
foundations

Orbital flight photos
of ocean and
interpretation

Apollo 9 photo of the
ocean and instrument
fact sheets

Sea grant, Green Bay
study, and sand sedi-
ment sampler

Vibracore sampler and
geophysical survey
techniques

Design and construction
of offshore struc-
tures and foundations

Accelerometer ir situ
test equipment

Challenger's state~of-
the-~art study

Thums Islands

Marine soil mechanics
and engineering

Design and construction
of offshore struc-
tures and foundations

Marine soil mechanics
and engineering

Design ard construction
of offshore struc~
tures and foundations
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Orgenization

Individual

Sub ject

Lehigh Uni-versity
Bethlehem, Pa.

McClelland Engineers
Houston, Tex., and
New Orleans, La.

Mueser, Rutledge,
Wentworth, and Johnston
New York, N. Y.

Praeger,. Kavanagh, and
Waterbury
New York, N. Y.

Soros and Assoc.
New York, N. Y.

U. S. Army Engineers
Coastal Engineering
Research Center
Washington, D. C.

Office, Chief of Engi-
neers, U. S. Army
Washington, D. C.

U. S. Army Engineers
St. Louis District
St. Louis, Mo.

U. S. Coast Guard
Washington, D. C.

U. S. Environmental
Science Service Adm.
Miami, Fla.

U. S. Geological Survey
Corpus Christi, Tex.
and Woodshole, Mass.

Prof. £. F. Richards

Messrs. J. A.
Focht, Jr., and
W. Emrich

Mr. P. C. Rutledge

Dr. T. P. Kavanagh

Mr. L. Sugin

Dr. D. Duane

Messrs. G. E. McWhite
and J. C. Stillman

Mr. J. Fuhrmann

Mr. F. Gammon

Dr. G. Keller

Mr. H. Berryhill

Bottom-rest sampling
and testing system
and use of Prof.
Richards' library
on marine sediments,
etc.

Marine soil mechanics
and engineering and
sampling techniques

Design and construction
of offshore struc-
tures and foundations

Design and construction
of offshcre struc-
tures and foundations

Design and construction
of offshore struc-
tures and foundations

Sand inventory and
sampler

Techniques for con-
struction in marine
environment

Vibratory sampler

Offshore lighthouse
structures

Marine soil properties,
sampling and testing

Continental shelf soils
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